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(i) 
PREFACE 
This thesis deals primarily with the aerodynamic effects of 
a change in roughness at the earth ' s surface. This subject was 
suggested by Dr.J.R. Philip of the Division of Plant Industry, 
C.S.I.R.O. and stems directly from the interest of agricultural 
meteorologists in advective phenomena. 
Chapter One considers the possible application of laboratory 
measurements to situations which are studied in the atmosphere with 
considerable difficult Yo We conclude that only the boundary layer 
region satisfactorily simulates atmospheric shear flow, necessitating 
large wind-tunnels, and imposing practical and economic limitations. 
We review literature on the subject of roughness change in 
Chapter Two. Experimental work is confined to two wind-tunnel 
studies of limited relevance, and a preliminary report of a large scale 
experiment in the atmosphere o Three theoretical approaches are 
available. That by Panofsky and Townsend predicts velocity and 
surface stress distribution which may be compared with observation. 
Another by Taylor, is more concerned with the surface conditions for 
reliable profile measurement in the presence of surface inhomogeneity. 
Our own experiments are described in Chapter Three, and the 
data is fully presented in an Appendix. Measurements of surface 
shearing stress suggest that, after the initial rapid change downwind 
(ii) 
of the transition, the variation is slight, and may conveniently be 
regarded as constant over distances of normal interest. 
Observations of velocity profiles in the region of modified air-flow 
indicate that the Panofsky - Townsend theory is a reasonable 
qualitative description of the velocity field. 
studies of subsidiary problems which arose during the course 
of the experiments, and which are of sufficient general interest are 
discussed in Chapter Five. They include surveys of the limitations 
of experimental sites of restricted size and question the criteria 
which are often applied to the evaluation of field sites. 
In Chapter Six we describe in detail the instruments which 
were developed for this study. The most important are the drag plate 
for direct measurement of shearing stress, and small sensitive 
anemometers. 
A further application for the drag plate was suggested by 
Mr.W.C. Swinbank of the Division of Meteorological Physics, C.S . I.R.O. 
This concerns derivation of shearing stress from velocity measurements 
under non-neutral conditions. We report a preliminary experiment 
in Chapter Four in which the drag coefficient was observed to be 
independent of stability near the surface. 
The galvanometer integrator described in Chapter Six is the 
subject of a joint paper to be published shortly in the Journal of 
(iii) 
Scientific Instruments under the authorship of E.F. Bradley and 
B.H. Wall. The concept and principle involved was mine and the 
instrument described was built to my specification. However, the 
original multivibrator and counter drive circuits were unreliable with 
the very low input signals. This problem was overcome with the 
circuit devised by Mr. Wall as illustrated in our Fig. 40 • 
own. 
With this exception the work described in this thesis is my 
No part of this thesis has been submitted for a degree at any 
other University. 
E.F. Bradley. 
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SUMMARY AND INTRODUCTION 
Important problems in micrometeorology concern the water 
balance of reservoirs and irrigation areas, and environmental studies 
of agricultural crops. The properties of the atmosphere of most 
interest to the micrometeorologist are the concentrations, gradients 
and fluxes of water vapour, heat, carbon dioxide, and momentum. 
His ultimate aim is a complete understanding of turbulent transport 
of these properties in the lowest few meters of the atmosphere, and 
their conversion at the earth-air interface. 
Experimental and theoretical studies of these processes are 
commonly founded on two physically meaningful concepts: 
(i) the vertical and horizontal fluxes of these properties must 
satisfy an energy balance with the solar radiation; 
(ii) application of the concept of exchange coefficients due to 
Boussinesq and aerodynamic principles initiated by Prandtl, von Karman, 
and others to the determination of relationships between vertical 
fluxes and concentration gradients. 
Apparently successful application of certain classical 
aerodynamic work to the problems of the atmosphere suggest that the 
results of wind-tunnel studies may be freely transposed. This 
important question leads us to examine the conditions under which 
laboratory studies may model atmospheric problems. We conclude 
- 2 -
that established duct flow is quite dissimilar from atmospheric flow. 
However, the lowest region of the diabatic atmosphere may be 
simulated, as far as bulk flow parameters are concerned, by the wall 
region of boundary layer flow over a flat plate. 
The usual aerodynamic approach to the determination of 
fluxes and gradients in the atmosphere requires spatially steady 
conditions. This implies uniform surface properties, and an 
unobstructed fetch upwind of the observation point. Theoretical 
treatments usually assume a steady state, whilst experimental studies 
attempt to achieve it, often inadequately. Whilst it is of great 
importance to determine relationships for the steady state and 
homogenous surface, it is equally necessary to establish the limits 
of their application to the real world with limited regions of 
uniformity. 
Simultaneous measurement o f meteorological parameters over 
adjacent surfaces with different characteristics reveals anomalies 
which give rise, on occasions, to serious and unexpected problems. 
A good illustration is that which resulted in the study by Glaser (1) 
of the very high air temperatures over a tarmac runway, which had 
deleterious effects on the performance of jet engines, completely 
unpredicted by the routine meteorological observations. 
The most important aspect of inhomogeneity which concerns 
- 3 -
agricultural research workers is that related to advection, the 
horizontal transport of energy, which results in enhanced evaporation 
from, for instance, an irrigated surface adjacent to a dry 
non-evaporating one. 
The main theme of this thesis is the analogous problem of 
the variation of shearing stress, and development of the velocity 
profile, downwind of a transition in surface roughness. This 
problem has been studied in wind-tunnels, the most systematic 
investigation being that of Jacobs (2) in 1939. His study is 
largely irrelevant to the atmosphere, although his observation of 
very rapid surface stress adjustment is of considerable interest. 
This was confirmed in a similar experiment by Taylor (3), who 
incorporated a step-change at the transition in his theoretical 
treatment. 
Conversely, other theoretical attacks on the problem by 
Elliot (4) and more recently Panofsky and Townsend (5) invoke a 
surface stress which varies with downwind distance. The variation 
turns out to be relatively small over the normal range of 
micrometeorological interest, and for practical purposes we may 
consider that the surface stress reaches a "quasi-equilibrium" in a 
very short distance, as Taylor does. Taylor, however, relies on 
the geostrophic wind as the bounding condition for determination of 
the new stress. It is unlikely that the coupling between 
- 4 -
geostrophic wind and stress at the surface is sufficiently rigid to 
be of value in this regard. 
Panofsky and Townsend appear to make more feasible assump±ions 
for the modified velocity and shearing stress distributions, based on 
the change in roughness parameter alone. We have made extensive 
observations of the variation of velocity profiles, and surface drag, 
downwind of a roughness transition, and find no serious discrepancy 
between our data and the predictions of the Panofsky-Townsend theory. 
To the best of our knowledge the only relevant experimental 
work in the atmosphere, other than our own, is being currently carried 
out in the Department of Meteorology, University of Wisconsin, under 
Dr.H.H.Lettau (6). They concentrate on measurements of the form of 
the velocity profile with various roughness distributions. 
Unfortunately, the Wisconsin group has not as yet reported sufficiently 
detailed results of the variation in velocity profile with fetch over 
the rough surface to enable comparison with our own data. 
These stUdies have direct application to advection theory. 
It was hoped that they would contribute experimental material to the 
controversial question of the fetch of uniform surface required to 
establish equilibrium in the airflow. However, we also report 
subsidiary experiments concerning the influence of surrounding 
- 5 -
obstacles on the form of the velocity profile. These suggest that 
the practice of deciding the suitability of an experimental site on 
the evidence of velocity profiles should be treated with caution. 
It is evident that these questions will not be satisfactorily resolved 
until a technique of measurement of shearing stress profiles is 
developed. 
Our experimental work owes much of its success to the 
development of small sensitive anemometers, and reliable drag plates. 
These instruments are fully described. A multi-channel integrator 
for use with the drag plates was also developed. 
The success of the drag plates has also made possible study 
of a related problem, the dependence on stability of a drag coefficient 
measured close to the surface. We find no stability-dependence on a 
drag coefficient referred to the ~-metre wind speed, within the 
accuracy of our instruments. 
We discuss the general features of our experimental results 
illustrated by representative measurements, and present the whole of 
our data in the form of tables in an Appendix. 
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CHAPTER 1 
RELEVANCE OF THE LAWS OF FLUID MECHANICS AND OF WIND TUNNEL STUDIES 
TO THE ATMOSPHERE 
a) General Remarks. 
Studies of the atmospheric wind structure have of necessity 
taken as their point of departure the concepts and laws of fluid 
mechanics. These laws have been extensively verified in the last 
half-century by experiments in wind-tunnels, pipes, and channels. 
Since the present problem, like most problems of the atmospheric wind, 
would be more conveniently studied under laboratory conditions, it is 
pertinent to consider the limits of applicability of wind-tunnel 
studies to the atmosphere. 
The most notable dissimilarity probably concerns the heat 
flux and temperature regimes. The marked effect of the wide range 
of temperature gradients experienced in the lower atmosphere is well 
known. The present problem, however, is fraught with complexities 
even in the absence of diabatic effects; we have sought to avoid them 
in the experimental work, and the following discussion assumes neutral 
stability. Nevertheless, the problem of the diabatic profile is of 
such importance that brief reference to the most significant contributions 
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on the subject is necessary. 
The Richardson number Ri has long been used to specify the 
effects of thermal stratification and buoyancy, and has been shown by 
Batchelor (7) to characterize full dynamic similarity in most 
situations of micrometeorological interest. 
Various workers have embodied Ri in an empirical extension 
of neutral wind equation in an attempt to describe the available data 
for diabatic profiles. These have been reviewed by Elliot (8), who 
concludes that there is little to choose between the various 
* relationships. That due to Deacon (9) appears to be the most 
coherent and has been widely used. 
As Ellison (11) has pointed out, however, whilst Deacon's 
relation is a useful description of the data, excepting possibly in a 
situation of strong stability, it is untenable in a dimensional 
analysis. From such an analysis by Monin and Obukhov (12) emerged 
the stability length L. 
The form z/L is currently favoured as a dimensionless 
* Laikhtman (10) independently proposed a similar form of equation, 
but without the exhaustive treatment of Deacon's work. 
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stability parameter. Monin and Obukhov assume that the diabatic 
wind relationship can be described by a universal function of z/L, 
which they develop in a power series, deriving a "log + linear" 
velocity profile from the leading terms. This aspect of their 
treatment has been critically examined by Sheppard (13), and by 
Priestley (14). Taylor (15) (16), Takeuchi (17), and McVehil (18) 
have assessed the range of validity of the "log + linear" form with 
reference to the available data. 
Priestley (19) (20) (21) (22), has studied the problem of 
turbulent transfer over a horizontal surface in terms of the two 
regimes of free and forced convec tion. He describes the diabatic 
profile by consideration of the transition process, "quasi-forced 
convection" between the two regimes.(23). This situation has been 
systematically studied in the laboratory by Thomas and Townsend (24) 
and subsequently by Townsend (25) (26) (27). Townsend (28) has also 
considered the transposition of these stUdies to the earth's boundary 
layer. 
Ellison (11) also proposed an interpolation formula to bridge 
the gap between the two convection regimes, the validity of which has 
been examined by Panofsky et. ale (29). They conclude that 
Ellison's treatment does not successfully describe stable conditions. 
Panofsky (30) and independently Yamamoto (31) propose an alternative 
derivation for the Monin-Obukhov universal function. This has been 
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analysed in detail by Syono and Hamuro (32). 
Two other notable attempts have been made to describe the 
diabatic profile. Businger (33) has derived an interpolation 
formula from mixing length considerations. Swinbank (34) has 
proposed an exponential relationship between velocity gradient and 
shearing stress, involving the Monin-Obukhov stability length. 
A considerable body of data is available on velocity and 
temperature profiles. Resolution of the problem, and many others, 
awaits reliable and direct measurement of profiles of momentum and 
heat flux. 
Barring exceptional circumstances (e.g. of light winds and 
strong stability) atmospheric motion is highly turbulent, and 
conditions of laminar flow do not arise. We will consider initially 
the concepts on which the mathematical description of turbulent shear 
flow is commonly based. This will also serve to define many terms 
and symbols which are in common use in both fluid mechanics, and 
micrometeorology. 
In equilibrium conditions, two basic hypotheses have been 
justified by experiment. The first principle due to Boussinesq (35), 
subsequently developed by Schmidt (36) is that a virtual, or eddy, 
viscosity K, can be defined to relate shear and shear flow in analogy 
with the kinematic viscosity v of laminar shear flow. We will 
- 10 -
adopt the nomenclature of micrometeorology to define rectangular 
co-ordinates with z perpendicular to the surface, x and y streamwise 
and lateral directions respectively, and components of velocity in 
these directions w, u, and v. Then 
U; (1.1) K = au ... 
az 
where the friction velocity ~ = V('t/p) . 't is the shear stress 
the x direction, and p is the air density. 
It is convenient to represent instaneous velocities in 
turbulent flow as the sum of a time-mean velocity u and a fluctuating 
component u t , so that 
u t = U - U wt = W - W etc. , 
and substitution in the Navier-Stokes equations of motion reveals 
turbulent stress terms (Reynolds stresses) which generally outweigh 
the purely viscous stresses. The tangential streamwise component 
becomes 
't = P ~ = p u'w' .•• (1.2) 
The analogy between molecular and eddy motion was further 
extended by Prandtl (37), who introduced an eddy length scale t , the 
"mixing length" analogous to the mean free path, but a function of Zo 
The velocity change as an "eddy" traverses a distance t is given by 
u' = t 
au 
az 
••• (1.3 ) 
in 
with a relationship of the same order for w' • Then (1 0 3) in (1 0 2) 
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gives au I au I a.z a z • •. (1.4) 
where t is now redefined to absorb any constant factor between 
u Y and w' • We have also 
au 
az ••• (1.5 ) 
In order to predict the flow field we require the dependence 
of t on z. The original suggestion by Prandtl 
t = IC Z •.• (1. 6) 
with IC constant, appeared to be a reasonable description at much 
greater distances from the wall than had been expected. 
Von Karman's constant IC, is generally given the value 0.4 
observed by Nikuradse (38), independent of either surface or flow 
conditions. However Slott a (39) in an exhaustive survey of the 
available data concludes that this may not be the best value for IC 
In the case of boundary layer flow over a flat plate for example, 
Slotta re-analyses the careful measurements of Schubauer and Klebanoff 
(40) and Smith and Walker (41), obtaining best values for IC of 0.52 
and 0.47 respectively. The difference is ascribed to differing 
Reynolds numbers, and regarded as evidence of the non-universality of 
the Karman constant. 
OYLoughlin and Macdonald (42) also question Nikuradsefs value 
for IC They investigated the flow over various roughness patterns 
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and concentrations in a flume. Their measurements of K were 
closely grouped around a value of 0.33 , which they claim represents 
its true value in rough-channel flow. 
The point is an important one, to which we hope to contribute 
at a later date for atmospheric conditions, taking advantage of the 
instruments developed for the work described here. Meanwhile, we 
have calculated the simple unweighted mean of the 74 sets of values 
listed by Slotta as 0.403, and will therefore retain the value K = 0.4 
where necessary. 
Application of (1.6) in (1.5) gives the basic relation 
between shear stress and velocity gradient 
~ = KZ ( ~ ~ ) ... (1. 7) 
In the particular case near the wall with zero pressure gradient u*(z) 
can be taken constant, and integration of (1.7) produces the logarithmic 
velocity profile. Since the logarithmic profile can be inferred 
from similarity considerations without reference to the mixing-length 
we can be reasonably confident of the validity of the assumptions 
outlined above where equilibrium conditions exist. 
The mixing-length hypothesis has been criticized as an over-
simplified description of turbulent processes. An alternative 
approach treating turbulence as an essentially random process led to 
the statistical theories of turbulence, originating with the discussion 
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in 1920 by G.I.Taylor(43) on the subject of diffusion. This approach 
was pursued in the next decade by Richardson (44), (45) who performed 
ingenious experimental studies of the diffusion process. 
Again in 1935 Taylor published a series of papers on the 
statistical theory (46), which were soon followed by the work of 
Howarth and von Karman (47). other notable contributions to the 
subject were a review by Dryden (48), and papers by von Karman and 
Lin (49) (50) (51). In 1947 an English translation of Kolmogoroffts 
(52) (53) theory of turbulence became available, at which time 
Batchelor (54) published a critical account of Kolmogoroffts work. 
Apart from the work of Richardson, and early work by Sutton 
(55) (56) on problems of diffusion, the first direct statistical 
description of atmospheric turbulence was by Priestley and Swinbank 
(57) in 1947. The subsequent rapid growth of interest in the 
statistical approach, and of vertical flux measurement by consideration 
of co-spectra is evidenced by the account (58) of a stimulating 
Symposium on Atmospheric Turbulence held in 1951. 
Nevertheless, much valuable information may still be gained 
in studies of the type to be discussed, by consideration and careful 
measurement of bulk parameters. (e.g. mean velocities, fluxes, and 
diffusion coefficients). Moreover, simultaneous measurement of 
several turbulent quantities in the atmosphere presents problems both 
technical and economic, which will not readily be solved. 
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We therefore propose to examine the characteristics of 
boundary layer flow over a flat plate, and of established pipe flow, 
and consider the way in which these flows may simulate the atmosphere. 
2 Distributions of the inter-related quantities ~ (or u* ), u, K and t 
appear a reasonable basis for comparison of mean flow characteristics, 
and are illustrated in Fig. 1. 
b) Description of Boundary Layer Flow. 
Turbulent boundary layer growth along a smooth flat plate 
with zero pressure gradient is usually represented as in Fig. 2. 
o (x), the height of the boundary layer, is usually defined as the 
height at which the velocity d i ffers from the free-stream velocity U 
by a specific amount. o is therefore poorly defined, and the 
displa cement thickness 0* or momentum thickness e are more readily 
measured (Schlichting (59 p.123)). It is fairly well established 
that 0 - x4/5 with only weak dependence on wind speed and surface 
roughness. 
It has been observed that, for z/o < 0.15 approximately, 
velocity profiles within the fully turbulent region are well described 
by 
u 1 
... (1.8) In 
v 
+ C = 
as shown in Fig. 1e. There is some disagreement on the value of C 
but 5 appears to be a reasonable average. With increasing distance 
- 1 5 -
from the wall, the influence of viscosity diminishes and (1.8) is no 
longer a universal profile. Clauser (60) has shown that a velocity 
defect law in the form 
U - u 
~ •• • (1.9) 
satisfies all the available data over the entire layer for both smooth 
and rough plates, suggesting the importance of the "local" parameters, 
wall stress and boundary layer thickness. 
In the region of the wall, (1.9) must approach logarithmic 
form, and, in fact, the data fits well the relation 
U - u 
~ = 
- 2 .44 In z & 
~z 
for zjO < 0.15 which corresponds roughly to ~ 
+ 2.5 ••• (1.10) 
=750 0 
This value of Z/ O appears to mark roughly the boundary 
between the wall region and the outer region, description of the latter 
being marked by a proliferation of empirical formulae. (e.g. Hama (61) ), 
Coles (62) proposed an empirical correction to (1.10), the form of which 
was suggested by the similarity of flow in the outer region to that in 
a turbulent wake. The analysis by Philip (63), based on a power law 
velocity distribution and an appropriate mixing length function, 
describes well the flow over the entire boundary layer. 
The neighbourhood of the wall is often referred to as the 
constant stress region. In fact, the stress distribution over a 
- 16 -
smooth plate is sigmoidal, asymptotically approaching a constant 
value at the wall, and zero as z/5 ~ 1 (Fig. 1b). This is 
confirmed by the measurements of Klebanoff (64), and Schubauer (65). 
(See also Philip (63 Fig.7), and Clauser (60 Fig.16) for the predictions 
of independent theories). 
The distribution of K can be derived from an assumed relation 
betweem velocity and shear stress profiles (e.g. those listed by Rotta 
(66 p.79)}, and the condition that K approach the linear distribution at 
the wall predicted by the simple mixing length form (1.6). The 
distribution in the outer region is of the general form in Fig. 1h, 
calcul ated from the data of Townsend (67) and Klebanoff (64). The 
maximum in the region of z/ 5 =0.3 is predicted by Philip (63). 
Hinze (68 Fig. 7.19) also shows the K distribution which, 
corrected for intermittency factor, retains a large constant value t o 
the outer edge of the layer. Far enough from the wall, turbulence 
must diminish and this correction appears to have little physical 
meaning other than to emphasize the uncertainty in 5 0 
Thus far we have considered only the case of a smooth plate. 
Little data is available on flow over rough plates, and there has been 
a tendency to carryover the results of rough pipe flow because of 
superficial similarity. The evidence suggests that it is more 
realistic to modify smooth plate relationships to take account of 
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roughness. 
It has already been observed that the velocity defect law 
(1.9) is universal for rough and smooth plates. In the region 
z/ o < 0.15, (1.8) is valid for rough surfaces if the constant of 
kr ~ 
integration C is a function of where k is a representative 
v r 
length scale of the roughness. In the wall region (1.8) becomes 
1 [ z ~ k In - v-u = 
k 
r 
v 
where C is found to decrease with increasing roughness. 
) ] ••• (1.11 ) 
The effect of wall roughness is seen to manifest itself as a 
shift in the velocity profile for smooth walls. Clauser (60) and 
Hama (61), have determined the magnitude of the shift for various 
roughnesses. Ultimately, with increasing roughness, the flow 
becomes independent of viscosity, being represented by 
u 
= 
~ 
1 
/( In 
z 
k 
r 
+ C 
r 
where C is a constant depending only on the roughness structure. 
r 
Schiller (69), Nikuradse (38) and Rotta (70) have estimated 
that this "fully-rough" condition is reached when kr ~ lies between 
v 
55 and 75 depending on the criterion used. These values were 
derived for the Nikuradse sand grain size and distribution, and t heir 
relevance to other roughness forms, in particular to the spiky and 
elastic roughness found in nature is questionable. A roughness 
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pattern used by Hama (61) for instance, shows no viscous dependence 
~~ 
for > 20 (Clauser (60 Fig. 11) ). 
V 
Experimental verification of the constant-stress region close 
to a rough wall is difficult to obtain. The relative turbulent 
f vt 
intensities ~ , U ' etc. measured by Klebanoff (64) above a smooth plate 
may be compared with those for fully-rough flow over a corrugated 
surface by Corrsin and Kistler (71). When the relative intensities 
in each case are scaled by the wall stress, practically identical 
values are obtained for rough and smooth boundaries •• Whilst such 
comparison gives no direct indication of the correllation it 
does suggest a similar form of shear stress distribution in the two 
cases. 
An unpublished study by Moore (72) contains details of 
velocity and shear stress distribution over surfaces with several 
roughnesses. The velocity profiles, when corrected for zero-plane 
displacement coincide with the extensive data described by (1.9). 
However, shear stress distributions computed by Moore from 
the momentum integral equation differ markedly from the sigmoidal form 
associated with a smooth plate. We reproduce Moorets distribution 
in Fig. 3, together with Reynolds stress measurements over a smooth 
plate by Klebanoff (64) normalised at the wall, and adopting Moore's 
measured ratio 5/e His hot wire Reynolds stress 
measurements were unsatisfactory, and he did not publish the results. 
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Sufficient details of the experiments of Klebanoff (64) and 
Corrsin and Kistler (71) are available for smooth and rough plates 
respectively, to enable us to determine stress distributions from the 
momentum integral in the form 
o z 
't Jz ) = ! ~ [ u(U - u) ] dz + (U - u ) J au dz ax ••• (1.13 ) 
z 
For the wall stress 
Then 
't 
't 
sinoe 0 p 
Then if 
't 
o 
p 
0 
- 't( z) 
= 
't 
0 
= u! 
a (u!)« ax 
00 
= J 
o 
u a 
~z ax 
Lo 
ax 
a 
ax [u (U - u) ] dz 
["* ! ~ dZ]- 1 u* ~ 0 
and 0 ..... x4 / 5 
o 
••• (1.14- ) 
a [ Z 2 ] 
- u! J ~ dz 
ax ~ 
0 
zfo z/o 
~ [~J ~ d (~) - J ( Uz )d( ~)] do ••• (1.15) 1 - :::: 't ax 0 ~ ~ ~ 
o o 
uo 
Values of u*!U and Reo = ~ are quoted by the respective workers, and 
we can use the velocity distribution (1.10) provided we do not integrate 
to values of z/o beyond its range of validity. 
The resulting stress distributions are shown in Fig.3, 
normalised to the value at zlO 0.4 of Klebanofffs Reynolds stress 
measurements. Comparison of the two methods of stress determination 
confirm that there is no reason to doubt the approach to constant stress 
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at a rough wall. It would appear that Moore has either incorrectly 
used the form of momentum integral for the total drag, or else failed 
to achieve zero pressure gradient at the wall. 
The fact that he has obtained universal distributions of both 
velocity and stress irrespective of roughness or fetch, by scaling with 
o and u* supports the latter suggestion. 
c) Description of Pipe Flow. 
More abundant data is available on the behaviour of flow in 
pipes both rough and smooth. Beyond the entry length , variously 
quoted as from 25 - 100 diameters the flow conditions are essentially 
independent of downstream eo-ordinate, and represent an equilibrium 
between the shearing stress on the wall, and the pressure gradient. 
In steady flow with constant pressure gradient, the shearing stress 
at a distance r from the axis is 
~(r ) = r 2 ••• (1 .16) 
This shearing stress distribution, Fig. la, is exactly linear , 
with a maximum value at the wall r = R, and zero on the axis. Laufer 
(73) observed that the Reynolds stress contribution is predominant for 
~ z 
z/o > 0.03 (where z = R - r) corresponding to a value of 
~z 
v 
With decreasing z it remained almost constant to v 30 where 
= 100. 
viscous effects predominated. Hence although frequently referred 
to as the constant stress layer, only the turbulent component is 
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constant near the wall, and that in a layer so thin as to be readily 
obliterated by slight roughness. This difference in stress 
distribution as the wall is approached is the most significant between 
pipe and boundary layer flow. 
Laufer also showed that pipe-flow is represented by a velocity 
defect law (1.9) and that deviations occur from the logarithmic form for 
z/ o > 0.15 as in boundary layer flow. In this inner region, 
Nikuradse (38) found that relation (1.8) was valid for both smooth and 
rough pipes with C = 5.5 and 8.5 respectively. Deviations from 
logarithmic form in the outer region are considerably less than in the 
case of the boundary layer, and it is often used over the entire pipe 
radius (Fig. 1d). 
The eddy-viscosity K calculated from velocity and Reynolds 
stress distributions according to (1.1) is given in Fig. 19, based on 
the measurements of Laufer (73) and Nunner (74) for smooth and rough 
pipes respectively. This form differs from that illustrated by 
Schlichting (59 p.513) using Nikuradsets data, which is seen to be 
symmetrical about y = !R. Since the shearing stress distribution 
is readily calculated from the pressure gradient in each case, the 
discrepancy probably arises because Schlichting used the logarithmic 
velocity profile over the whole cross-section. Near the axis, the 
value of K is uncertain. Although shear stress is zero at the 
aXis, turbulent energy still exists, and the physical concept of K 
in equation (1.1) 
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unacceptable. Hinze (68 p.42) pOints out the similarity between 
K distribution for the wall region of pipe and boundary layer flow. 
However, the similarity invoked by Hinze for the outer region derives 
from the dubious correction for intermittency referred to above. 
d) Description of Atmospheric Flow. 
The principal physical feature of atmospheric flow which is 
absent in the wind-tunnel is the effect of the earth's rotation, or 
Coriolis force. 
Within the atmospheric boundary layer of thickness about 
1 Km , the equations of motion relate the Coriolis force, the pressure 
gradient, and the influence of friction. Assuming that the pressure 
gradient is along the x axis and independent of altitude, that isobars 
are parallel straight lines, and that the motion is horizontal and 
steady, we have for the two horizontal components of velocity 
- 2 wpsin av ~ a ( K au ) ••• (1.19) = ax + az az 
2 wpsin au a ( K av J = az .•• (1.20) az 
where w is the angular velocity of the earth and a the la ti tude. 
(See for instance Haurwitz (75 p.201) ). 
Above the boundary layer, viscosity and shear forces are 
assumed negligible, and the velocity adjusts to satisfy the balance 
between Coriolis and pressure forces. The geostrophic wind G, 
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calculated in this way, is perpendicular to the pressure gradient. 
With decreasing z, the f riction terms become increasingly 
important, and a solution of (1.19) and (1.20) with an assumed 
distribution for K results in a velocity vector V at an angle * to 
the geostrophic direction. increases as the surface is 
approached, so that atmospheric flow is three-dimensional. Near the 
surface, the Coriolis effect is negligible, and the equation of motion 
reads 
a (K ~) a .. £.E •• 0(1 .21 ) = = az P az az ax 
Integrat ing , £E. 
.. - .. = z ••• (1. 22) 0 ax 
and since the pressure gradient is small, a near-constant stress layer 
exists, as shown in Fig. 1e. As Swinbank (34) pointed out there is 
a tendency to apply this useful simplification to heights where 
departures f rom constant stress are significant. He calculates that 
~ wi'll decrease by about 5% of its surface value at a height of 16 m. 
Using the equivalent criterion that * be small , Ertel (76) estimated 
that.. varies by 6% in the surface layer 25 m thick. The magnitude 
of this effect warrants recognition at a time when improved anemometry 
promotes claims of 2% accuracy for wind velocity measurements. 
Within this near~constant stress region the flow is strongly 
influenced by surface structure and local topography, and adjusts 
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continuously to changes in these features. It is the nature and 
extent of this adjustment which generates many problems of 
micro-meteorology and is the special concern of this study. In the 
absence of effects due to local heterogeneity and to thermal instability, 
the wind in the surface layer has been observed to follow the 
logarithmic velocity form and fully-rough condition of eqn. (1.12), as 
shown in Fig. 1f. The profile indicated for the upper layers 
represents the total velocity according to the measurements of Sheppard, 
Charnock and Francis (77). 
The difficulty of characterisation of surface roughness 
according to the geometrical form and distribution of the roughness 
elements is self-evident, particularly, in the case of natural surfaces. 
However, it has been found possible to specify the roughness uniquely 
by a roughness parameter z, derived from measured velocity profiles in 
the form, 
u 
= 
1 
K ••• (1 .23) 
Implicit in this definition are the requirements of neutral stability, 
and an established profile, and only under these conditions has the 
concept of a roughness parameter any precise significance. 
The constants C and k have been absorbed in z • 
r r 0 
is the height of a roughness element, and C = 8.48, the value 
r 
If k 
r 
measured by Nikuradse (38), the resulting relation z 
o 
k /30 is often 
r 
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applied to natural surfaces. It is evident, however, that 
indiscriminate use of constants derived specifically for Nikuradsets 
sand grains may be meaningless. 
Within the constant stress region both K and t increase 
linearly with height. Above this region K cannot increase 
indefinitely since turbulence and shear stress are known to be low at 
geostrophic level. Nevertheless, both linear and constant values 
of K have been used with (1.19) and (1.20) to calculate the gradient 
wind. (Ellison (78), Rossby (79) ). A more refined description 
of the variation of t in the region to geostrophic height H is 
proposed by Rossby and Montgomery (80). 
t = (H - z) • •• (1.24) 
This, and their parabolic K distribution 
K= ••• (1.25 ) 
is shown in Fig.1 land 1 i compared with the careful observations 
of Mildner (81). Mildner~s well-known measurements of the 
"Leipzi!.g Wind Profile" have been re-analyzed by Lettau (82). Of 
particular interest is the observed linear variation of K at the surface, 
and the well-defined maximum at 0.24 H. 
Kghler (83) considers a power law variation of K 
K(z) = K 1 
m 
z o , m < 1 ••• (1.26) 
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where K1 is the value of K for z = 1. The values of the constants 
K1 and m are determined by surface roughness and stability. 
Kohlerts analysis predicts the power law velocity distribution 
V(z ) = V 1 
1- m 
z 
... (1.27 ) 
(Schmidtts conjugate power law), and constancy of shearing stress in 
the layer close to the surface. His estimate of the thickness of 
this constant-stress layer is z ~ 10 m. 
e) Comparison of Flow Conditions. 
With reference to Fig. 1, the similarity between the flat 
plate and the atmospheric boundary layer is apparent when the edge of 
the boundary layer is identified with the geostrophic wind, and the 
Coriolis force ignored. In contrast, although certain regions of 
duct and boundary layer flow indicate similarity (e.g. the velocity 
profile near the wall, shear stress distribution in the outer region) 
not all flow characteristics are similar simultaneously. 
Lettau (84) however suggests similarity between pipe flow and 
the atmosphere in that both horizontal velocity, and depth of the 
friction layer are independent of downstream co-ordinate. This 
would imply that he wishes to identify the geostrophic wind with the 
centre of the duct, simulating the atmosphere in all respects 
excepting the turbulent intensity at the upper boundary. 
synoptic level of accuracy this may be satisfactory. 
On the 
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Lettau adopts a mixing length function 
•• .( 1.28) 
which describes conditions in the half-section of a duct, radius R~ 
when m = 20 As the wall is approached this approximates the linear 
distribution, and reaches a maximum on z = R, being not dissimilar in 
form to the mixing length of Nikuradse (38). The relationship 
(1.28) is allowed to remain valid for z/ R > 1, in order that 
similarity may be achieved with the atmospheric case for which m = 4. 
Thus, what Lettau is, in fact proposing, is to simulate the lower 
atmosphere with the half section of his duct, providing the upper 
conditions in the mathematical treatment only. This is likely to 
prove an unsatisfactory solution for the experimentalist. 
LettauVs mixing-1ength distribution is shown in Fig. 1 1. 
It is of interest in that it satisfies the boundary conditions of the 
atmosphere at the surface, and at geostrophic level, whilst avoiding 
the discontinuity of the Rossby and Montgomery (80) two layer model. 
The basic difference between flow over a plate and that in 
a duct is apparent if we consider the question dealt with in this 
study, i.e. growth of boundary layers, either at the beginning of the 
pipe or flat plate, or at a roughness transition somewhere along its 
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length. Boundary layers form on the walls of the pipe, growing 
initially in the same manner as over the flat plate. Since the 
volume flow is identical at every section of the pipe~deceleration at 
the walls must result in acceleration near the axis. Thus the 
boundary layers on the wall of a duct are formed under the influence 
of an accelerated external flow. This dissimilarity affects the 
variation of wall stress downwind of the roughness transition. 
Physical reasoning suggests that surface stress would be expected to 
diminish with downwind distance in the case of the flat plate. 
Outside the boundary layer the free stream velocity is constant. 
The mean velocity gradient, and hence the shearing stress must 
therefore decrease as the boundary layer thickens. Philip (63) 
extending Schlichting~s comments ( (59) p.551 ) shows that the extent 
of the variation is about the same for rough and smooth plates~ and 
approximately ~ 
o 
-0·2 
- x • In contrast the accelerating flow in 
the core of a duct maintains the mean velocity gradient across the 
boundary layer, and the downwind variation of wall stress is 
considerably reduced. 
It would appear that problems of the atmosphere, such as the 
roughness transition work discussed below, may be well simulated in 
the boundary layer over a rough plate with zero pressure gradient, 
provided that the study were restricted to the constant-stress region 
in each case. i.e. the lowest IO-20m of the atmosphere can be scaled 
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by the lowest 15% of the boundary layer. This means in practice a 
large wind-tunnel cross-section, with pressure gradient control, and 
very small instrumentation.* 
* Reynolds number scaling is also a problem. The length-scale ratio 
between atmosphere and wind tunnel is a matter for conjecture, but is 
likely to be very much larger than in normal aerodynamic studies. 
The velocity ratio necessary to achieve true dynamic similarity is then 
likely to engender compressibility effects. Lettau (84), following 
Corrsin (85) has suggested that, where viscous shear is unimportant, 
dynamic similarity may be achieved with an effective Reynolds number 
uz Re (eff.) = ~ J in which the eddy viscosity replaces its molecular 
counterpart. Few wind-tunnels are available in which such a 
comparison can be made reliably. 
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CHAPTER 2 
STUDIES OF A CHANGE IN SURFACE ROUGHNESS 
a) Introduction. 
Most of the discussion concerning surface heterogeneity has 
dealt with the transition from a dry surface to a wet one. The 
example usually quoted is that of irrigation in an arid region, where 
winds blowing into the irrigated area transport heat which contributes 
to the energy balance,a process known as advection. The enhanced 
evaporation is a mattel· of practical and economic importance. 
The subject attracted considerable attention in USSR, and 
De Vries (86) quotes a number of references to Russian observations of 
climatological differences between irrigated and non-irrigated areas. 
Prominent in the Russian literature is the theoretical work of 
Timofeev (87), although as early as 1947 Laikhtman (88) presented a 
solution of the problem. Laikhtmanfs treatment has been extended 
by Sokolik (89) who quotes data obtained by an expedition led by 
Laikhtman to illustrate the magnitude of advective effects. During 
passage over the first 1,000 m of irrigated area, the surface air mass 
o 
cooled by about 3 C, and the effect was still in evidence at 5,ooom 
fetch. 
Philip (90) has developed a theory of advection which readily 
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lends itself to numerical calculation of the modified temperature and 
humidity fields o A brief appraisal of the theories of De Vries, 
Timofeev, and Philip are given in Rider and Philip (91), which also 
provides a clear physical description of the advective phenomenon. 
The only experiments reported in which conditions were well 
defined are those of Rider, Philip and Bradley (92). They made a 
detailed survey of the two-dimensional temperature and humidity fields 
over a fetch of 16m, and obtained data in satisfactory agreement with 
the predictions of Philipts theory. 
In general, a change in moisture regime will be accompanied 
by a change in the physical structure of the vegetation, and any theory 
of advection must therefore incorporate the effects of a change in 
surface roughness. These will influence the velocity and momentum 
fields in analogy with the modification to those of heat and moisture. 
In this chapter, we review the literature relevant to the 
problem of roughness transition. In the following chapter we 
describe our own experiments which were performed in the atmosphere. 
b) Experimental Studies of Roughness Transition. 
Specific studies of the effects of sudden change in the 
roughness characteristics of a boundary on air flow over it are very 
few. Jacobs (2) investigated the problem using a wind-tunnel with 
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a wall which consisted of a rough section adjacent to a smooth section. 
The rough wall was formed with strips O.7cm high and 1.0cm wide, 
nailed 15cm apart on the floor of the tunnel. Jacobs observed the 
form of the velocity profile at various distances downwind of the 
transition for both directions of flow. His results, reproduced 
here in Fig. 4, indicate a very rapid adjustment of velocity in the 
surface layer. 
Jacobs calculated shearing stress distributions from Prandtl's 
formula (1.4), assuming the mixing length 
= 0.4 z (h - z) h ••• (2.1) 
proposed by Nikuradse (93) (h is the ordinate of maximum velocity. 
We otherwise alter Jacobs i notation slightly to conform with our own). 
He found that this mixing length distribution gave "wide discrepancies" 
when it was used to predict the change in successive velocity profiles 
downwind. It was necessary for t to increase much more rapidly with 
z than in (2.1), although far downwind, approaching the region of 
re-established pipe flow, this relation held e 
He accordingly calculated shearing stress distributions from 
the measured velocity profiles and their successive differences with 
distance downstream, using the Prandtl (94) equation which combines 
the equations of motion and continuity. 
- . 
aw 
- u az + v au a z = 
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1 2E 
p ax 
1 a", 
+ -p az ••• (2.2 ) 
Assuming a constant value of may be calculated at 
fixed x. The resulting shearing stress distributions are shown 
in Fig. 5. 
In established duct flow, shear stress is distributed 
linearly across the duct section, the surface value being dependent 
on roughness. The equilibrium distributions appropriate to Jacobs' 
two surfaces are the extreme broken lines in Fig. 5. In both 
directions of flow the stress near the surface appears to adjust rapidly 
to the new roughness. However, the necessity to extrapolate to 
the wall does not warrant the claim of step-change in surface stress. 
The transition is completed more slowly with increasing 
distance from the surface. In the rough-smooth direction it is 
established to only 1 cm height after 252 fetch. In the reverse 
case a linear stress distribution is achieved over the entire duct 
section after 172 cm fetch, but it is not coincident with the equilbrium 
value. The discrepancy would be removed by a vertical displacement 
of the reference level through only 0.4 cm. An uncertainty of this 
magnitude is possible if we consider the various vertical length scales 
associated with the surface structure. 
The roughness strips were 0.7 cm high, and the smooth section 
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was set 1.0 cm higher than the floor of the rough section to eliminate 
pressure jump at the discontinuity. From the velocity distributions, 
* Jacobs calculated the roughness parameter z to be 0.175 cm • 
o 
also probable that Jacobs' measurements over the roughness pattern 
would depend on the position of his instruments relative to the 
individual ridges. Since the stations were always about midway 
between obstacles, any error from this source is probably constant 
for all stations. 
A combined zero error of 0.4 cm is therefore easily 
It is 
accounted for. The attempt to assess the fetch for complete stress 
transition over the rough surface on the evidence of Fig. 5 is thus 
inconclusive. A zero error which was constant at all downwind 
stations would not influence the general shape of the shearing stress 
profiles of Fig. 5; nor would it affect measurements over the smooth 
* Jacobs also determined the Nikuradse equivalent sand roughness k 
s 
to be 5.26 cm; i.e. the effect on the mean flow due to Jacobs' 
roughness would have been identically produced by tightly packed 
sand grains 7, times greater in height. This is a good illustration 
of the irrelevance of the Nikuradse sand grain criterion to other 
forms of roughness. 
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surface, where no ambiguity of reference level exists. 
In the region of transition from one equilibrium to the 
other, Jacobs used an exponential relationship between x and z to fit 
his experimental data. 
't' (x, z ) = 
His empirical shearing stress formula, 
't' + 
1 
• •• (2.3 ) 
which assumes a step-change of stress at the surface, is indicated by 
the broken curves in Fig. 5. 
In view of the dissimilarity noted in Chapter 1, between 
duct flow and the atmosphere, it is unlikely that Jacobs' form of the 
stress transition (2.3) is applicable to flows other than in ducts or 
pipes. Moreover, his roughness pattern,a series of ridges separated 
by about twenty obstacle heights, is not one of great relevance to 
problems encountered in nature. One may visualise shelter-hedges 
with this disposition, but the most interesting measurements in this 
case would be made in the lee of each hedge rather than in the region 
well above it. 
Clauser (60), in a similar experiment, confirmed Jacobs! 
observations of a rapid velocity adjustment near the surface. 
Unfortunately, Clauser gives no indication of the dimensions of either 
his roughness or his wind-tunnel. It is probable that it was the 
same one as is fully described in Clauser (95) with a working section 
of 4 ft. high and 3 ft. wide, and that the roughness was corrugated 
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paper of sinusoidal form and wavelength about 0.25 inch. If so, 
his experimental conditions were more satisfactory than Jacobs', his 
boundary layer development occupying a smaller fraction of the tunnel 
height, and his rough surface being more homogenous. 
Clauser's Fig. 25, shows the effect on velocity profiles of 
transition from a low value of shear stress to a higher value. As 
in Jacobs' work, it is apparent that the region next to the wall is 
affected first, and that the change propagates outward until the 
entire profile has been modified. Unfortunately, Clauserts data 
is inadequate to enable calculation of shearing stress profiles. 
A further set of wind-tunnel observations on the effects of 
surface roughness transition were obtained by Taylor (3) in support 
of his theory to be described in the next section. He studied the 
transition from a rough sand surface to a similar but smooth one. 
His surface uniformity thus avoided the singularities of exposure 
which may have existed in Jacobs t case. 
Taylor's surface stress observations are reproduced in Fig. 
10. He determined stresses over the rough section from the profile 
equation. 
u 1 1n z = ~ K Z 0 
and over the smooth section from 
U 1 ~z 
= In + 5.5 ~ K V 
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These equations are valid in a boundary layer for z/o < 0.15, 
which in Taylorts case amounted to the lowest few millimetres. 
Considerably less of the tunnel height was involved than in Jacobs Y 
case, and despite the difficulties of accurate profile determination 
in this shallow layer, there is no reason to doubt Taylor's 
observations in the important region close to the transition. 
Elsewhere, his measurements are confirmed by stresses determined from 
the momentum integral o 
J u(u - u ) dz = a P ax 
o 
Referring to Fig. 10, the observations with uniform roughness 
(Case 1) indicate that a constant stress is reached at about 100 cm 
fetch or 6 tunnel widths. In case 2, Taylor's profile 
determinations indicate an abrupt drop in stress at the transition, 
followed by a slow recovery which continues to the end of his working 
section. The significance of this downwind variation will be 
discussed in relation to theoretical treatments of the problem. 
In Chapter 1 we considered the possible relevance of wind-
tunnel studies to the atmosphere o We concluded that a large 
boundary layer tunnel was necessary, and that even so, scaling problems 
remained. These will only be solved by comparison with experiments 
performed with the natural wind. 
Lettau (96) in a review of micrometeorological problems, 
I! 
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refers to the distinction between "passive" and "active" control 
in micrometeorological field experiments. 
the terms in the following manner. 
On p.34 he defines 
" •••••••••• passive control •••••••••• means that the field experiment 
is made over a natural surface which is carefully chosen according 
to its physical structure and scheduled at times when the weather 
conditions are defined and satisfy certain predetermined principles. 
Active control requires a deliberately planned modification of at 
least one of the external parameters of physical processes in the 
lower atmosphere." 
This latter concept may be achieved readily in the boundary 
layer of a wind-tunnel, but to attempt modification of the flow 
conditions in the atmosphere itself is a task of considerably greater 
magnitude. It is desirable that the modified flow be two-dimensional 
so that interpretation of the experiment be kept as simple as possible. 
In consequence of the very large length scales of the atmosphere we 
must therefore work with large areas of modified surface. 
Apart from our own work, the only systematic study of 
roughness change effects is that undertaken by Lettau et. ale on the 
frozen Lake Mendota. Progress is reported each year in the Annual 
Report of the Department of Meteorology (60). Both the Wisconsin 
group and ourselves have attempted to modify the surface structure 
with artificial roughness. Whereas our experiments used a roughness 
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field consisting of a dense assembly of 7 cm high vertical wires, the 
Wisconsin group use an array of bushel baskets, 30 cm high and about 
40 cm in diameter, and also an array of Christmas trees averaging 
140 cm high, and 80 cm in diameter. The scale of effects being 
observed are therefore quite different in the two experiments. 
The Wisconsin group is mainly concerned at this time with the effects 
of varying obstacle fetch, spacing, height and albedo on the form of 
velocity profiles within the roughness field. 
Kutzbach (97) described experiments with an anemometer mast 
located at the downwind vertex of a triangular array of baskets, a 
circular guard area surrounding it as shown in his Fig. 2. He was 
able to vary the fetch within the range 0 ~ 50 m, and also the density 
2 2 
of baskets from one basket per 0.4 m to one basket per 48.5 m • 
His velocities were referred to an upwind control anemometer at 340 cm 
height, designated V 
con. 
Sequences of velocity profiles are presented in which 
u/V is plotted against heights. 
con. 
Unfortunately, most of the 
figures are somewhat confusing due to the scatter on individual 
profiles, and the indistinct symbolism, but it is apparent that the 
shear increases markedly with the density of baskets. Kutzbach 
claims that there is evidence of an acceleration over the roughness at 
the 340 cm level, indicated by values of u340 / Vconi greater than unity. 
The points are indistinct as the profiles converge at about this 
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height, and no raw data is available. It is therefore difficult 
to assess whether the effect is systematic with increasing roughness 
density, as it would be if genuine. However, on several occasions 
comparison of the 340 cm control anemometer with that on the main mast 
in the absence of roughness showed random differences of up to 5%. 
The single experiment reported using the Christmas tree array (98), 
suggests an acceleration at 320 cm, although in this case the height 
of roughness elements, 140 cm, is comparable with the maximum height 
of measurement. It is probable that the effect is due to an 
inadequate sampling time with considerable lateral separation of the 
anemometers. In our experience a reference instrument at a height 
above the modified layer on our own main mast was preferable to one 
separated laterally, particularly for short 5 - 10 minute runs. 
The only measurements by Kutzbach relevant to the present 
issue are those of Feb. 19, 1961. These are velocity profiles for 
three different values of fetch over the same obstacle density. 
Since this data is used by Panofsky and Townsend - (5) for comparison 
with their theory we reproduce it in Fig. 6. Considerable scatter 
is present in the profiles, and a least square error technique was 
used to determine and d in the wind profile equation, 
~ In ( z + : + Zo J 
o 
•.• (2.4) u = 
* It should be noted that V* used by the Wisconsin group is u*/ k 
although referred to by them as the "friction velocity". 
* 
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(2.4) is a form commonly used to take account of an uncertainty in the 
reference level of z when the height of surface roughness elements is 
a significant fraction of the anemometer height. The appropriate 
adjustment, or displacement length 'd', is not to be confused with the 
roughness parameter z • 
a 
It is not proposed here to discuss the hazards in attempting 
to fit three independent parameters to a logarithmic form with data 
subject to errors of observation and sampling. We will, however 
try to estimate its likely magnitude from the geometry of the basket 
distribution. The effect of the protruding obstacles is a vertical 
displacement of the flow. In this experiment, S.A. 2 m2 indicates 
2 
one basket per 2.0 m of surface, so that baskets were at 1.414 m centres. 
Baskets were 30 cm high and 40 cm diameter. 
The frontal area of a single row of baskets is equivalent 
to a solid barrier 10 em high. Alternativel~ the baskets occupy 
6% of total volume below the plane z = 30 cm, and would thus raise the 
mean surface level by about 2 cm. The true effect is probably 
somewhere between these estimates, so that the values of d quoted by 
Kutzbach throughout this work are difficult to understand. In the 
experiment of 19th Feb. in particular, values of d locate the reference 
level near the top of the baskets. 
Recognising that the operative purpose of d is to ensure a 
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linear fit to the profile data on a semi-logarithmic plot, we observe 
that the measurements at 20 m fetch satisfy this requirement with 
d = 0 , and project to a reasonable value of z = 2 cm when u = 0 
o 
We will require an estimate of the parameters for comparison of 
Kutzbachts measurements with theory in the next section. 
It is anticipated that an important contribution of roughness 
studies will be to the problem of relating measured flow parameters to 
the geometrical form of the surface structure. One serious 
impediment to this approach is the difficulty of characterising the 
structure of surfaces with which we are most concerned in nature, 
conSisting as they do of a more or less randomly distributed assemblage 
of bluff bodies of diverse shape. 
The non-dimensional parameter in this respect chosen by the 
Wisconsin group is 
A = area density of baskets lateral silhouette area of baskets 
This parameter appears to relate fairly well to z and ~ for the 
o 
basket array, but not so well for other types of roughness. It is 
unlikely to be universal in character, particularly with relevance to 
natural surfaces. It would appear necessary to take account of 
the aspect ratio, or "spikiness" and elasticity of roughness elements. 
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c) Theoretical Studies of Surface Roughness Transition. 
Three theoretical approaches to the problem are available. 
They are due to Elliot (4), Taylor (3), and Panofsky and Townsend (5), 
hereafter referred to as E, T, and P - T respectively. It is 
possible to represent the developing boundary layer according to t he 
three concepts on a single diagram Fig. 7. The roughness transition 
is at A. Quantities upwind of A will have the suffix 1, and t hose 
downwind the suffix 2 (e.g. z01 ' z02 ). All theories consider t he 
transi t ion from an upwind region 1. in which shearing stress is 
constant with height and downwind distance and the velocity profile 
given by 
u = I n z 
z 
01 
••• (2.5) 
All velocity and stress variation consequent on t he roughness transition 
is supposed to take place below surface A C , in regions 2 and 3 which 
grow with distance downwind. Surface stress varies alor.gA B until 
ultimately a second equilibrium region 4 is re-established downwind 
with characteristics of the new surface. 
~ 
u = ~ I n 
K 
z 
Z 
02 
Here the velocity profile 
••• (2.6) 
is taken to be valid. The main difference between the theories is 
in the extent of the various regions, and of the variation of shearing 
stress at the sur~ace downwind of A. 
E assumes that relation (2.6) extends to the interface 
-
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region 2, which is taken to be so shallow that surfaces A C and A E 
can be regarded as coincident. Velocity is assumed continuous 
and stress discontinuous across the interface region, which 
necessitates a downwind variation of stress. 
E uses the momentum integral equation in t he form 
0 0 
d J u2 dz _ U L Ju U; U; dx dz = <Ix t 2 ••• (2 .7) 
Z Z 
0 0 
to solve for 0 (x). Excluding the region ne~ A, E's solution 
predicts o - x4 /5 , the classical relationship for boundary layer 
growth (e.g. Schlichting (59 p.537) ). 
The model is thus a simple one, and t he proposal t hat surface 
stress vary downwind is acceptable. However, t he shallowness of 
the region 2 of stress discontinuity entails a l~ger variation t han 
would be expected from boundary layer theory (Philip (63) ). 
T visualises a considerably more extensive stress transition 
region ( A B DEC Fig. 7). He uses the equation of continuity to 
define a stream function ¢ , and identifies the region of stress 
variation with that over which vertical displacement of streamlines 
takes place. His transition region is then bounded by the 
interfaces of regions 1 and 4 respectively, the ground surface, and a 
streamline ¢ t = constant. He integrates the equation of 
horizontal motion over this region and obtains 
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-f u; dx - ~ f ~ dz ••• ( 2.8) 
where the velocity difference ( u: - uf ) is taken along a streamline. 
Pressure gradients in the constant stress layer are small, so that the 
second term on the right-hand side of (2.8) can be neglected in 
comparison with the first. 
T now assumes that the distance AB « CD, implying that the 
total surface stress variation occurs within a very short distance. 
The change in surface stress does not contribute to the integral, which 
can be put in the form, 
J
¢l 
o 
(u 
2 
- u ) d¢ 
1 = 11(u! 1 u!) 2 ••• (2.9) 
where 11 is the horizontal distance from A to some point midway between 
C and D. Given the form of the velocity profile in the two regions, 
which for fully-rough flow will involve the respective u* and Zo 
values, 11 may be evaluated. Assuming the logarithmic form (2.5) 
and (2.6), the expreSSions for ¢ and J ud¢ are straightforward, and 
give the height variation of 11. Thus, whilst 11 represents no 
definite boundary, it does indicate the scale of the transition 
region. However, its usefulness depends on two assumptions 
concerning the shape of the region ABCD. 
The first is that surface stress variation is complete in 
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such a short distance that A and B can be regarded as coincident, and 
the origin of ~ T appeals to Jacobs' (2) observations, but we 
have seen that they do not justify the conclusion that there is a 
step-change of stress at the roughness transition.* 
To investigate the point T performed the experiments 
described in the last section and illustrated in Fig. 10. Some 
variation in stress is evident immediately downwind of the transition, 
but T suggests that it is sufficiently small to be neglected in the 
context of his theory. There is slight disagreement between his 
profile and momentum stress determinations further downwind, the 
former continuing to increase slowly. It is possible that the 
influence of the accelerating core flow is felt in this region. 
This would reduce the stress variation which would otherwise occur in 
the absence of an upper boundary. 
* T incorrectly states that Jacobs! shearing stresses in Fig. 5 were 
obtained from an assumed mixing length distribution, and may therefore 
be subject to uncertainty. In fact, they were carefully computed 
from the successive downstream variation of measured velocity profiles, 
according to (2.2) and are probably reliable. A more likely source 
of unreliability is extrapolation to the wall from the lowest velocity 
measurement as discussed in the last section. 
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More questionable is the assumption that the region of 
stress modification is identical with that in which streamlines are 
displaced. For incompressible flow, the latter may be derived 
from continuity considerations, by evaluation of the integral 
¢(z) = / z1 U dz 
••• (2.10) 
o 
This must change for all z above the point where u is first modified. 
Thus TIs surface AC will be vertical if identified with stream-line 
displacement, and his measurements verify this. However as 
Clauser (60 p.33) remarks, 
....... the inner portion of the (boundary) layer responds much faster 
than the outer portion ....... to a step-change of roughness. If we 
therefore define the transition in terms of a change in u or u*, then 
the surface AC must be of the boundary layer type in Fig. 2, which 
grows relatively slowly downstream. 
This does not prejudice TIs analysis, however, which predicts 
a surface T} (z, x) about midway between those (AC, BD) which define 
the limits of the upwind and downwind equilibrium flow. This region 
of stress modification could still be defined by TIs method if the 
contribution of AB to the integral (2.9) is taken account of in the 
same way as that along CD. (1 (U
z 
-
o 
u ) d¢ = 
1 
Then 
and T}AB is determinate if u*2 ( x ) is known. 
••. (2.11) 
In this case, 
however, the concept of T} , and the relative simplicity of the 
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argument loses its value. If, as T suggests, the surface stress 
adjustment is complete within such a short distance that A and B can 
be regarded as coincident, the ~ distribution is determinate in 
terms of the surface parameters Zo and u* • This raises an 
argument which T uses to complete his analysis. He proposes to 
relate the (assumed constant) wall shear in the two regions to the 
respective z with a relation of the form 
o 
Such a relation may exist uniquely, and could be determined if a 
suitable reference flow parameter could be found. That used by 
T, is a form of the Rossby Number Ro = GINA , where N is a 
characteristic horizontal scale of a given meteorological situation. 
(Rossby and Montgomery (80) ). This form was introduced by Lettau 
(99) as the surface Rossby Number Ro with N = z 
o 0 
proposal was to determine the parameters u* ' u , and K in the surface 
layer from synoptic conditions. 
Batchelor and Sheppard in the discussion to Lettau i s paper, 
point to the problems of application of such a concept on the grounds 
of the extremely indirect coupling between the geostrophic wind and 
events at the surface. It is unlikely that a steady state is set 
up sufficiently frequently for a true equilibrium between local ground 
conditions and the geostrophic wind to be ever achieved. 
~ 
I 
i 
I 
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Even in regions of extensive uniform surface the shearing stress 
pattern will be perturbed by the diurnal heating cycle. 
The approach of P - T is similar to t hat of E. They 
overcome the stress discontinuity at t he interface by the use of an 
appropriate velocity distribution. They assume a "log and linear" 
form which may be written 
u = ~2 
K 
I n z 
z 
0 2 
+ 
~ l - ~2 
~ 1 
They introduce a surface stress parameter 
s = 
~ -1 
~1 
~2 
z 
8 ••. ( 2.12) 
••• ( 2.13) 
Like E's , their u*2 ' and hence S, varies indefinitely downwind, and 
ultimately as u*2 4 u*l ' the velocity distribution of region 4 
(Fig. 7) is obtained. Equations (2.5) and (2.12) with (2.13) are 
used to equate the stream function and velocity at the surface, and 
define 0 in terms of S. The streamline ¢ 0 is assumed to have 
been displaced vertically from zl upstream to pass through 0 • 
z Then 
[In -l- - l] z ••• (2.14) 
z 1 ¢o = [(1 - S )(In ~ 1 ) + t S ]d = 
and Uo = 
02 
(1 - S) In 0 + S = 
z 
02 
z 
I n ....L 
z 
01 
o 
1 
Elimination of zl between (2.14) and (2.15) gives the required 
expression which is rather cumbersome. If In o/z is large 02 
••• (2.15) 
*Throughout their treatment elevations are assumed large compared with 
roughness parameters, with consequent simplification of equations. 
it simplifies to 
z 
In -2.l.. 
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s = 
Z 
02 
In () - 1 
Z 
* ••• (2.16) 
02 
This expression may in fact be derived directly from 
equation (2.15) if {)=Z, (no net displacement of the stream-lines), 1 
and from (2.14) if the denominator of the R.H.S . is replaced with 
In 
z 
01 
2 
2 
This discrepancy may perhaps be regarded as an indication of t he 
error implicit in the simplified form (2.16) , since if (2.14) and 
(2.15) are to be compatible In 5/z » 
01 
to better than 10% accuracy only when 
In () 
Z 
02 
> 5 i.e. 
Thus S is specified 
Z 
02 
> 100 
Finally, the momentum integral equation is used together 
with (2.16) to determine the relationship between () and x • 
It should be noticed tha t only velocity distributions are 
defined in the P - T analysis. Velocity integrals are used to 
obtain the surface stress parameter S , and the momentum integral to 
determine its variation with distance downwind. 
* Panofsky and Townsend omit the solidus in their approximate expression 
d 
Z 
o 
which precedes equation (2.16) . 
S/(l- S) 
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These distributions of velocity and surface stress are used 
by P - T with the equilibrium relation 
= 
au 
" Z az 
to define the stress distribution within the boundary layer. 
••• (2.17) 
However , the stress in this region is the consequence not only of 
increased shear, but also of divergence of momentum flux . Hence 
similarity of velocity profiles does not imply similarity of stress 
profiles , and u* in (2.17) does not represent a true friction 
coefficient. 
Comparison between theory and experiment is still hampered 
by lack of data, much of which has bee n gleaned by the various authors 
as by-products of largely irrelevant experiments. E quotes 
evidence in support of his 4/5 power law of boundary layer growth 
reported by Glaser , Elliot and Druce (100) in their Fig. 2-1. 
However, the velocity data from which the boundary layer heights in 
this figure were derived are also given by E in his Fig. 4. We 
notice that 0 was obtained as a discontinuity in the velocity profiles 
measured at various downwind distances, drawn on the evidence of a 
single , and in some cases no anemometer reading. In addition , the 
flow was from grass at about one metre height, presumably being subject 
to a considerable wind shadow, so that this evidence cannot be 
considered seriously. 
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The measurements of Kutzbach (97) r.eproduced in our Fig. 6, 
were, however, available to P - T.* From this data it is possible 
to re-plot the profiles in terms of variables which can be derived 
from P - T. zOl is given as 0.01 em. 
v 
~ 
Ie V 
con. 
= 
= 
1. In~ 
Ie 0.01 
10.43 
Since upwind 
At a downwind station~ the velocity is u at height z and for this 
z 
height we can obtain the value of u I V = A say from Fig. 6. 
z con. 
Then at height z 
K U 
Z 
---- = 
K V 
con. 
U 
Z 
-
V 
oon. 
= 10.43 A 
P - T have replotted the 20m fetch profile in this way, using 
a value of z 
o = 2 cm (not I cm as stated in their text) and obtain 
Ie V 
con. excellent fit with their prediction. However they use = 10:1 ~1 
which would correspond to a value of zOl = 0.017 , and this displaces 
the data significantly to the left. This apparent sensitivity to 
the values of z led us to calculate profiles from their theory using o 
*In the original the legend is indistinct. This has led to an error 
in the key of the 20m series as reproduced by P - T, but no ambiguity 
should be possible. 
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various reasonable values. The values measured directly by 
projection of the profiles given are zOl = 0.012 cm, and z02 = 2.0 cm. 
We take the following combinations. 
(A) 
0.01 
1.0 
(B) 
0.01 
2.0 
(C) 
0.02 
2.0 
These are presented in Fig. 8. The P - T calculations are 
performed using their Fig. 1 to obtain the value of o/z 
o 
, and 
hence 0 In the smooth-rough case where M 
negative, the exact value of M is not critical. S may be then 
obtained from (2.16) and the profile from (2.12). 
The s'ensi tivi ty of the theory to values of z ,particularly 
o 
to large changes of z is evident. 
o 
With case (C) excellent 
agreement is obtained. In the other cases the differences are 
significant. No displacement length was incorporated, although by 
way of illustration of the flexibility of interpretation possible with 
its use we notice that d = 10 cm applied to the data in case (A) is 
beneficial. We must recognise, however, that this sensitivity to 
z reflects the extreme difficulty of comparison of theory with 
o 
experiment and is not necessarily a shortcoming of the theory. The 
only possible determination of z is by extrapolation of an assumed 
o 
logarithmic velocity profile. In our experience the possibility of 
measurement of z to the accuracy required here is remote, even with 
o 
a uniform surface and a densely-packed array of well calibrated 
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anemometers 0 The problem becomes more severe with decreasing 
roughness. 
P - T also appeal to observations by Cramer, Record and 
Tillman (101) in which velocity profiles were measured to 40 m, in 
support of their boundary layer growth. Unfortunately, no details 
of the site are given in the above publication, but P _ T state that 
the measurements were made 80 m downwind of a roughness discontinuity 
from z 
0 1 
5 cm to z = 0.5 cm. 
02 They refer to a departure from 
similarity (i.e.logarithmic) profiles beginning between 8 m and 16 m • 
From Tables 1, A1, and A2 in Cramer, Record and Tillman, the 
appropriate profiles are plotted in Fig. 9, and labelled acoording to 
the measured stability. The departure can be seen to be due to the 
stability conditions. There is no evidence of a discontinuity in 
the neutral or near neutral profiles, and we conclude that any 
roughness change was not as significant as it appeared. 
We have applied the P - T surface stress parameter S to Tis 
wind-tunnel measurements. T quotes his zOl as 0.013 cm and for 
the smoother surface an equivalent z02 of 0.00057 cm • The surface 
stress variation is shown as the solid line in Fig. 10 • The 
variation in surface stress required by the P - T theory is seen to be 
no greater than that measured by T, although the distribution is 
displaced vertically. This could ari s e from an uncertainty in the 
values of z used, as already discussed. 
o 
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d) Conclusions. 
In this chapter we have reviewed three theories which attempt 
to describe certain aspects of the flow in the region modified as a 
result of a change in surface roughness. 
We do not discuss Elliot's theory in detail, since its aim 
and approach have been embodied in the more refined theory of Panofsky 
and Townsend. They replace Elliotts simple logarithmic velocity 
profile in the mOdified region with a "log + linear" form, so that 
modified and unmodified flow merge in a more realistic manner. This 
velocity profile is defined in t erms of a surface stress parameter S, 
which may be derived from their analysis, given the values o f roughness 
parameter f~ the two adjacent surface s . Thus with this information 
alone, the Panofsky - Townsend theory yields the velocity profile 
development, and variation of surface shearing stress downwind of the 
transition. However , unless we are prepared to accept the validity 
of the equilibrium relationship U. = Ie Z au/az in the transition 
region, the vertical stress distribution cannot be derived from their 
treatment. 
Unfortunately, sensitivity of their analysis to the value 
taken for z ,necessitates its determination to a grea ter degree of 
o 
accuracy than is generally possible in a practical situation. Their 
approach would be particularly useful were it possible t o determine z 
o 
from the surface geometry. 
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Taylor's analysis depends on the assumption that the total 
surface stress change takes place within a very short distance of the 
transition. It then enables prediction of the mid-point of the 
stress transition region for specific situations where u and z are 
* 0 
predetermined for both surfaces. However, Taylor's theory gives no 
information about either the modified velocity field or the thickness 
of the transition region. We suggest also, that his proposal to 
determine the inter-relation between z and u ,taking the geostrophic 
o * 
wind as the upper boundary, is incompatible with most situations 
encountered in nature. 
Observational data in the atmosphere is, as yet, inadequate 
to support either theory. Jacobs' work in the wind-tunnel suggests 
the rapid transition to a new constant surface stress as assumed by 
Taylor. However, uncertainties of zero level throw some doubt on 
the accuracy of Jacobs' measurements near the wall. Taylor's own 
stress measurements show a slight downwind variation which is not 
inconsistent with the Panofsky - Townsend theory. 
The apparent difference between theories is largely a question 
of definition of the "boundary layer", and suggests, rather, differing 
philosophies on the effects of a surface roughness change. Panofsky 
and Townsend's theory provides detailed information about the velocity 
field and surface stress, whilst Taylor's defines the scale of the 
region over which all stress modification takes place. On the one 
hand the micrometeorologist requires a mathematical description of a 
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phenomenon of frequent occurrence in naturej on the other he seeks 
quantitative guidance to avoid the effects of surface inhomogeneity. 
This latter consideration is of particular importance to 
agricultural meteorologists whose e xperimental sites are necessarily of 
limited extent. It has become customary to refer to the "fetch-height 
ratio" (Dyer (145)) or 'interface slope" (Panofsky-Townsend) as defining 
the region within which the flow is in equilibrium with the underlying 
surface. This implies incorrectly a linear relationship, but is 
nevertheless a useful 'rule-of-thumb' for rapid assessment of an 
e xperimental site. 
Opinions on the ma t ter are largely intuitive, and Lettau's 
(96) suggestion of 1/50 appears t o be of the right order. Dyer, 
however, concludes that representative profiles of temperature and heat 
flux require a fetch of several hundred times the heights of observation. 
Taylor's estimate of 1/150 seems more reasonable than the interface 
slope of order o f 1/10 of Elliot and Panofsky - Townsend, and it is here 
that the difference in definition is apparent. The Panofsky-Townsend 
theory tells us nothing of the region in which the shearing stress is 
established. However, we could take as practical criterion the 
height at which velocity profiles depart from "log" form. This will 
occur when the "linear" term makes a significant contribution at 
heights of about 0 / 10. i.e. a fetch-height ratio of 1/100 more 
acceptable to micrometeorologists. 
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. CHAPTER 3 
NEW EXPERIMENTS ON ROUGHNESS TRANSITION IN THE ATMOSPHERE 
a) Introduction. 
A systematic study of the problem in the atmosphere would 
involve mapping the development of velocity and shearing stress 
profiles downwind of a surface roughness transition. Direct 
measurement of Reynolds stress at several points by eddy-correlation 
methods is an engineering undertaking of considerable magnitude. 
It was decided, therefore, to concentrate on measurement of surface 
shearing stress using drag plates, and detailed observation of velocity 
profiles, using rotating cup anemometers. 
described in detail in chapter 6. 
The instruments used are 
The site chosen for the experiments was an airfield on the 
Jervis Bay peninsula, a map of which is given in Fig. 11. The 
reason for its selection are discussed in chapter 5. The work on 
roughness transition was conducted in a series of expeditions to this 
field site, and consisted of the following experiments. 
(i) Surface shearing stress change downwind of the roughness 
transition, using the drag plates at Site A. Our "smooth" surface 
was a tarmac airstrip, and the "rough" surface formed with an array of 
J 
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7 cm high vertical wires, in a 7.5 cm x 7.5 em lattice. 
rough-smooth, and smooth-rough flows were investigated. 
Both 
(ii) Development of velocity profiles downwind of the roughness 
transition, measurements being taken simultaneously with experiment (i) 
at Site A. 
(iii) Development of velocity profiles downwind of a roughness 
transition from grass to tarmac. For this work, we were able to 
take advantage of a reasonable fetch of uniform grass adjacent to 
another tarmac airstrip on the same airfield (Site B). 
b) Experimental Procedures for Experiments (i) and (ii). 
We were able to make observations at Site A when the wind 
direction was either northerly or southerly along the airstrip. 
The positions normally occupied by the instruments are shown in Fig.12. 
Installation of a drag plate was a major operation in the tarmac 
surface, and it was desirable to select the optimum location for each 
instrument at the outset. 
Four drag plates were installed initially for simultaneous 
comparison of stress downwind of the transition. In practice, 
however, we found it more convenient to use only the two drag plates 
in positions A and C (Fig. 12) and to vary our fetch by adjustment of 
the roughness. Displacement to the W of the centre of the airstrip 
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was desirable for two reasons: 
(i) the topography directly E of the site selected was somewhat 
undulating whilst to the W the belt of flat sandy soil the width of 
the tarmac dispersal area extended a considerable distance to the N; 
(i1) the airstrip was subject to occasional use, and it was 
desirable to avoid the normal path of aircraft which might run across 
the drag plate holes, to the possible detriment of both aeronautics 
and micrometeorology. 
Two anemometer masts were installed near the drag plates 
A and C during early runs. After a few profile comparisons had 
been made, all available anemometers were concentrated at the downwind 
drag plate to improve the accuracy of measurement of the modified 
profile. Only a reference anemometer at 220 cm was retained at the 
upwind drag plate. 
Photographs of the installation are given, Figs. 22, 23 and 
24. Preparation for a sequence of runs was made when several hours 
of dull and overcast weather was predicted. We were anxious to 
av01d the additional complication of stability effects, and their 
diurnal variation. We checked temperature gradients from time to 
time during runs to verify that no significant departure from neutral 
conditions occurred. Wind direction was monitored throughout runs, 
and served as comparison with that measured by the drag plates. 
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Signals from all instruments were conducted along cables 
to a mobile laboratory parked cross-wind at the position shown. 
A mobile 4i Kw 230 V AC generator was also parked well across wind. 
OUr rough surface of 7 cm high vertical wires was prepared 
as described in Chapter 5, taking the form of roughness "mats" 20 m 
long and 2 m wide. These could be dragged around on the tarmac 
surface to obtain optimum alignment with the wind direction, and to 
vary the roughness fetch. 
Fig. 15 illustrates, for the case of a southerly Wind, the 
position of the roughness field with various roughness fetches, for 
both a smooth-rough and a rough-smooth transition. 
For smooth-rough runs, the roughness was arranged initially 
as shown in Fig. 15a, so that the centre of the downwind drag plate A 
was as close as practicable to the leading edge. A hole was cut to 
fit over the drag plate, and the wires removed were fixed together so 
that when carefully placed on the drag plate surface, the continuity of 
pattern was preserved, as illustrated in Fig. 22. 
The anemometer masts were positioned at the same distance 
from the leading edge as the drag plate centre, so that by increasing 
the roughness field by one mat width at a time, it was possible to 
study both the drag variation with downwind distance, and the growth 
of the boundary layer, using upwind drag plate and anemometer as 
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moni tors. In later analysis, however, it was found that a 220 cm 
anemometer on the main mast afforded the most reliable reference. 
The fetch was varied by taking mats from the back of the 
field and bringing them to the front as indicated in Fig. 15a, b, and 
c, A pair ~f half-width mats was provided for the first steps in 
the sequence. Two runs were made at each position whilst the fetch 
was being increased to its maximum, and similarly when the reverse 
process was taking place. A complete sequence on this basis, with 
ten steps of roughness fetch could take fourteen hours. In practice, 
in order to cover as wide a range of fetch as possible before conditions 
changed greatly, the region of small fetch with the half mats was 
investigated carefully and then much larger steps taken, the intermediate 
ones being completed subsequently if conditions held. At the 
greatest fetch, the width of the roughness field was increased at the 
leading edge, as in Fig. 15c. 
Technical details of the instruments used are given in 
Chapter 6. Drag plate measurements were recorded on the galvanometer 
integrator and photographic recorder, and the anemometer counts 
accumulated on a bank of electromagnetic counters. The performance 
of all instruments was carefully checked before each set of 
observations, but thereafter the intensive nature of the sequence of 
runs precluded all but a cursory check. This was facilitated in 
the case of the drag plates by operation of the "automatic" 
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calibrating weights. A draught-proof cover with a rubber base was 
provided to seal each drag plate for zero checks. Detailed 
analysis of the runs had to be deferred until the end of each trip. 
Our standard run sequence was as follows~ where the times 
quoted represent the approximate duration of each step. 
(1) Calibrating run using both integrator and photographic recorder, 
with draught-proof cover on each drag plate 
1 minute zero trace. 
! " South calibrating weight. 
! " trace. zero 
! " West calibrating weight. 
! tI trace. zero 
(With the northerly wind, the North and East calibrating weights would 
be used. The value of the weight used would be pre-determined 
according to the prevailing conditions). 
(2) Draught-proof covers removed from drag plates, and a few 
seconds allowed for personnel to get clear of the instruments. 
(3) Integrator and anemometers started simultaneously and time 
marks made on wind vane, temperature, and radiometer records. 
After a suitable period, varying from 5 - 10 minutes, integrator and 
anemometers were stopped Simultaneously, and time marks were made as 
before. 
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(4) Draught-proof covers replaced, and a 1 minute zero trace made 
whilst anemometer and integrator counters were photographed, or 
otherwise recorded. 
(5) steps (2) - (4) were repeated, until the duration of the 
sequence exceeded! hour, which was the capacity of the paper on the 
photographic recorder. 
(6) Sometimes step (1) was repeated, but if the sequence continued 
without delay it was unnecessary. A typical photographic trace 
obtained during this procedure is given in Fig. 13. 
The rough-smooth observation procedure was similar, excepting 
that both drag plates were downwind of the transition. Initially 
all roughness mats were immediately upwind of drag plate C as in 
Fig. 15 d, which again shows the southerly wind direction. 
Comparison with drag plate A is possible since the variation of stress 
with fetch at this position is less than our instrumental resolution. 
The gap between the roughness transition and drag plate C was 
progressively increased, as illustrated in Fig. 15 e and f I by 
transferring mats to the upwind edge of the roughness field. The 
fetch over the rough surface was thus kept constant at 22 m. The 
maximum fetch oyer tarmac was limited to 12.2 m since the double 
boundary layer growth from leading and trailing edges of the roughness 
area must eventually merge and the effect of roughness be lost. 
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The area of roughness used was the largest which could be 
conveniently prepared and handled by the limited number of personnel 
available. We tried to arrange the mats so as to avoid three-
dimensional flow at our observation point, maintaining a reasonable 
width at the expense of greater fetch. 
c) Procedure for Experiment (iii). 
These observations were complementary to those of experiment 
(11) • They were performed at Site B, the westerly end of the E-W 
airstrip , which is shown in Figs. 11 and 140 
A period of very steady westerly winds enabled us to study 
the transition from grass (z = 0.5 em) to tarmac (z = 0.002 cm). 
o 0 
We studied development of velocity profiles over the tarmac with our 
array of large and small anemometers. We were not equipped to 
measure stability, but conditions were cool and overcast and we believe 
that the departure from neutrality was small. Wind direction was 
monitored continuously. 
The anemometers were progressively moved downwind in the steps 
shown in Fig. 14, to a distance of 245 m. At each step one or two 
10 minute runs were made. 
Two photographs of the site and anemometers are given in 
Fig. 25, at 2.6 m and 1:14 m fetch respectively. The foreshortening 
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effect of the camera, particularly at the greater fetch suggests that 
this site was less suitable for these experiments than in fact it was. 
The fetch over grass was 120 m, and at the transition the velocity 
profile was established to heights above our top anemometer at 297 cm. 
d) Results. 
Experiment (i)o Variation of Surface Shearing Stress. 
Successful sequences of runs were accomplished on the 
occasions listed in Tables 1 and 2 of the Appendix, which contains the 
raw data for the transition from rough to smooth, and smooth to rough 
respectively. 
All smooth-rough data has been collected together in Figs. 
16a and 16b , in which surface stress is referred to both the upwind 
drag plate and the reference anemometer on the main mast. Each 
point plotted represents one of the 5 - 10 minute observations. As 
may be expected from the usual process of evolution of experimental 
techniques and instrumentation, greatest weight may be placed on the 
runs from 25/8/64 to 30/8/64. The extra roughness field available 
at this time was the major improvement. 
It is apparent that most of the surface stress variation 
occurs within 2 m of the roughness transition. There is the 
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suggestion of a minimum stress in the region of 2 - 3 m , but this may 
not be significant, particularly since it is not well supported by the 
upper curve of Fig. 16b. 
Bearing in mind that we always worked in near-neutral 
conditions, there are two reasons why normalisation of the downwind 
drag plate readings to an anemometer immediately above it may be more 
reliable. The first is evident by reference to Table 2. A 
5% - 10% discrepancy between the readings of the reference anemometers 
is fairly common, but not systematic. It appears that our smooth 
fetch was adequate to ensure equilibrium profiles, but that our usual 
sampling period was too short to absorb the long period turbulence. 
This would also be reflected in comparisons between the two drag plates. 
Secondly, the instrumental accuracy of the anemometer is higher than 
that of the drag plate. 
No errors are indicated in Figs. 16a and 16b as these would 
confuse the diagrams. However, we will briefly discuss the main 
sources of error, so that the reliability of any point of the graph 
may be calculated with reference to the Tables of data. 
The absolute accuracy of an anemometer depends upon the 
applicability of its wind-tunnel calibration to the atmosphere. 
This subject is discussed more fully in the anemometer description, 
Chapter 6 where it is suggested that systematic errors of 3% are 
- 68 -
likely. However~ the important characteristics of a reference 
instrument should be its consistency from reading to reading. 
This may be assessed for an individual anemometer by its performance 
during profile measurement. The comparitive accuracy of the 
-1 anemometers used here is estimated to be + 3 cm sec , or better than 
1% for the majority of runs. 
Random errors in the value of ~ measured with drag plates 
arise in two ways: 
(i) an absolute error in measurement of the mean deflection of the 
galvanometers, together with a zero error due to instability of the 
strain gauges and galvanometers. This combined error amounts to 
-2 
about! 0.01 dyne cm for each stress component, and is independent of 
the magnitude of the reading. 
(ii) A similar error of measurement of the cailbration factor for 
each stress component. This error is proportional to the stress, 
-2 
and will have a value of about + 0.01 dyne cm at the equivalent 
stress of the calibrating weight used. In general, the weight is 
selected to be of comparable value to the stress being measured. 
This source of error is further minimised by calibrating frequently and 
-2 taking mean values, and a realistic estimate is + 0.01 dyne cm • 
Systematic errors in the measurement of ~ can arise in the 
following ways. The calibration factor is determined by dividing 
the calibrating stress by the area of the drag plate. The value of 
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the calibrating weight is known to 0.1% , but uncertainty in the 
effective area of the drag plate could give rise to an error of + 2% 
(i.e. diameter of tarmac sample 18 in. ~ 0.2 in.). No significant 
surface sampling or exposure errors are likely in the uniform tarmac. 
However it is possible to equip the drag plate within the roughness 
with one spike more or less than the number appropriate to its surface 
area. We investigated the effect of removal of various numbers of 
spikes, and of their orientation in a subsidiary experiment reported in 
Chapter 5. 
These systematic errors will not prejudice comparitive 
measurements, so we may summarise the factors necessary to determine 
the reliability of the drag measurements of Figs. 16a and 16b. We 
-1 
assume + 3 cm sec accuracy in reference velocity, independent of 
wind speed. -2 The accuracy of drag measurement is + 0.02 dyne cm 
independent of its magnitude, and + 1% calibrating error. 
We take as an example Observation No. 330 on 30/8/64 which 
may be identified from Table 2 at 4.32 fetch on Fig. 16b. 
-2 Drag Plate A measurement is 1.05 + 0.03 dyne cm or 3% error. 
" " 
-2 C measurement is 0.34 + 0.023 dyne cm or 7% error. 
Anemometer C measurement is 397 + 3 -1 cm sec or 0.7% error. 
Then the ratio ~~ has + 10% error and reads 3.09 + 0.31 
~ 
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't 
and the ratio --:--
u 
has + 4!% error and reads 6.66 + 0.30 
220 
The major contribution to the error in 't / 't is evidently 
2 t 
from the low stress measurement over the smooth tarmac surface. 
The solid lines in Figs. 16a and 16b are the predictions of 
the P - T theory, using our measured values of z for both surfaces. 
o 
The best values of z obtained from many neutral wind profiles are o 
0.002 cm and 0.25 cm for the tarmac and spikes respectively, providing 
a roughness transition of 1:100. P - Tts Fig. 1 provides their 
dependence of boundary layer height 0 on fetch x whence their stress 
parameter S may be obtained from (2.17). u 2 Then (220/u*2) and 
thus, 2 
't2 /u220 may be calculated from (2.13). 
In the first few metres, we observe a more rapid variation 
of surface stress than is predicted by the P - T theory. Beyond 
about 10 m fetch no further variation is evident to 24.8 m, the extent 
of our measurements. We notice, however, that the variation 
required by the theory is by no means great beyond 10 m, as is 
evidenced by the value at 100 m indicated on the graph. 
In Fig. 21, the mean of our measurements from 26/8/64 _ 
30/8/64 , and the P - T theory, are re-plotted in double logarithmic 
co-ordinates for comparison with the theory of boundary layer growth 
which predicts 't 
o 
-0 2 
'" x • (Philip (63) ). Over the range 
indicated the P - T stress variation is not incompatible with that of 
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boundary layer growth over a flat plate. The experimental evidence 
is of a very much slower variation than either theory. 
Vertical displacement of the theoretical curve from the 
observed points has no fundamental significance. I n the light of 
our egamination of the sensitivity of the P - T theory to values of 
Z 3 agreement in absolute magnitude of the stress would be largely o 
fortuitous. 
Results of the rough-smooth transition experiments are 
collected together in Table 1 and Fig. 17. Referring to Fig. 15 we 
see that both drag plates were installed in the tarmac, the reference 
drag plate being well downwind of the transition. In order to 
compare stress over the rough and smooth surfaces, it is necessary to 
assume the near-constant value of stress ratio, 't / 't 
I'O U€;lf smooth 
= 3.1 determined for the reverse direction of flow. Then, in the 
present case 
'tsmooth 
't 
r ough 
= = 
for the southerly wind. 
The variation of surface stress immediately downwind of the 
transition is evidently less rapid in the rough-smooth direction of 
flow. This may be due to wind shadow behind the spikes which does 
not exist in the reverse direction. 
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There is some evidence that the recovery of surface stress 
beyond 3 m fetch was slower on 25/8/64 than on 14/2/63. This may 
reflect the greater area of roughness available on the later date, or 
it may be a result of observational error. For these experiments, 
both drag plates were installed in the tarmac surface, as illustrated 
in Fig. 15 d, e J and f. Both measurements were therefore of low 
stress, and subject to a correspondingly larger error
o The stronger 
winds on 25/8/64 therefore occasion less observational scatter than 
those on 14/2/63. In any event, the observations of 25/8/64 are 
the more reliable. 
Selecting one of the lower stress runs on 25/8/64, 
Obs. No. 245 at 8.30 m fetch, we can again estimate the reliability of 
the measurements. 
-2 Drag Plate A measurement is 0 0 76 + 0.028 dyne cm or 3.7% error. 
.. .. 
-2 C measurement is 0.71 + 0.027 dyne cm or 3.8% error. 
-1 Anemometer C measurement is 598 + 3 cm sec or 0.5% error. 
Then the ratio ~ /~ has + 8% error and reads 0.302 ~ .024 
2 1 
and the ratio 2 ~2 /u220 has + 5% error and reads 1.99 + 0.10 
Predictions of the P - T theory are again shown, based on the 
same values of z as for the smooth-rough transition. 
o Over the 
12.2 m range of observation, the rate of variation of surface stress 
appears to agree well with the theory, although the absolute values of 
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stress again disagree. 
Experiment (ii). Development of Velocity Profiles: 
Transition from Tarmac to Vertical Spikes. 
Details of the velocity profiles measured concurrently with 
Experiment (i) are given in Tables 4 and 5 for the transitions 
spikes-tarmac and tarmac-spikes respectivelyo Representative sets 
of measurements are illustrated in Figs. 19 and 18 , which show the 
heights at which anemometers are exposed, large and small instruments 
being indicated by Land S respectively. 
We will consider first the development of veloCity profiles 
downwind of the smooth-rough transition. In Fig. 18 , velocities 
are referred to the 220 cm anemometer for reasons already discussed. 
This level is seen to be above the modified region, even at the 
greatest roughness fetch of 24.8 m • The solid lines are the best 
linear fit to the points above the 5.5 em level. This anemometer 
was below the top of the 7 cm high spikes, hence its low reading. 
The fit to the profiles at smallest fetch is obviously somewhat 
speculative, but at fetches greater than 6.42 m (for which six 
anemometer levels are within the modified region) the profiles shown 
are realistic. 
sharp. 
The velocity discontinuity is seen to be quite 
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The extreme profiles in Fig. 18 give the values of z for 
o 
tarmac a nd spikes as 0 0 002 cm and 0.25 cm respectively. Comparison 
with the P - T theory on the basis of these values of z is possible, 
o 
computing S as before. 
level~ we have upwind 
and downwind 
whence 
Then referring velocities to the 220 cm 
U 
220 
u(z) 
~ 
u 
220 
= 
= 
= 
1 220 n -
z 
01 
~ r ( 
K L 1 - s) 
0.92 [ (1 - s) 
= 10.92 
In...L + S!. ] z 0 
02 
In...L + S !. ] z 0 
02 
Profiles calculated for three values of fetch are indicated 
by the broken lines. Their form and relative displacement have 
obvious similarity with those observed. However, the height of the 
modified region appears to be lower than the theory predicts , and the 
velocity discontinuity rather sharper o Good agreement between all 
three curves and the corresponding observations at the 10 cm level 
suggests that the velocity adjustment at the surface is well 
respresented by the theory. 
The reverse case of flow from rough to smooth is shown in 
Fig. 19 and for this direction the lowest anemometer is well exposed. 
In this case, so as to ensure that profiles were not influenced by the 
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flow above that modified by the artificial roughness, velocities were 
referred to the 112! cm anemometer. This height is within the 
boundary layer of the artificial roughness at 22 m fetch, as 
reference to Fig. 18 will show. 
Again, the best straight lines are fitted to the observations 
in the modified region. At the maximum fetch of 12.2 m the 
influence of the roughness mats is seen to lie between the fairly 
well-defined limits of 100 cm and 150 cm. Above and below this 
region, the velocity profiles indicate the influence of the upwind 
and downwind tarmac respectively. 
Curves calculated from the P - T theory again show similarity 
of form with observation, and the 2.1 m profiles agree well. 
Thereafter, the flow accelerates more rapidly at all levels, and the 
modified region is higher than predicted for a given fetch. As 
before the velocity discontinuity is quite sharp. 
Experiment (ii). Development of VelOCity Profiles: 
Transition from Grass to Tarmac. 
Complete data for these experiments is given in Table 6. 
Fig. 20 illustrates the sequence of measurements obtained during the 
downwind traverse in the late afternoon of 20/6/64. Since we had 
no record of stability, this period was chosen as the most likely to 
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represent near-neutral conditions. Each profile illustrated is the 
mean of those obtained during this period, referred to our highest 
anemometer at 297 cm. 
The upper part of curve 1 indicates a logarithmic velocity 
profile, at least to the level of our highest anemometer at 297 cm. 
We therefore assume that the velocity field is characteristic of the 
grass at the transition and estimate z = 0.5 em for the grass from 
o 
curve 1. 
The downwind distance between stations was greater than in 
Experiment (ii) where the roughness fetch was restricted, and within 
67.5 m fetch the modified region had reached the top of our anemometer 
array. Consequently we had no reference velocity in the unmodified 
region~ and no means of evaluating any further acceleration. A 
reference anemometer well upwind would have been of little value over 
the 10-minute run period necessary to complete the traverse, and we had 
no higher anemometer mast at this time. Subsequent field trips, 
when we were so equipped, have not coincided with the steady westerly 
winds necessary for this experiment. Their occurrence for any 
length of time is relatively infrequent in this area. 
OUr usual procedure was used to fit the lower part of the 
curve. Once again the velocity discontinuity is rather sharper 
than that of the P - T theory, and the modified region rather higher 
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for a given fetch. Observation and theory agree in the surface 
layer at about 6 m fetch, but beyond this we again observe more rapid 
acceleration than predicted. Coincidence of the profiles beyond 
67.5 m at least indicates the existence of equilibrium velocity 
profiles below the 3 m level at this fetch. 
Evidence of Boundary Layer Growth. 
In our conclusions to the last chapter, we found it necessary 
to compare various definitions of the "boundary layer". We suggested 
that the establishment of velocity profiles, as evidenced by their 
logarithmic form, may occur at considerably shorter fetch than 
equilibrium shearing stress profiles. We have no measurements of 
stress profiles, so will refer the boundary height 0 only to our 
velocity measurements, without necessarily implying similarity between 
stress and velocity within this region. 
We will consider the three sets of transition profiles, 
Figs. 18, 19, and 20. Although the velocity discontinuity is fairly 
sharp, if we wish to assign a numerical value for 0 ,we are faced 
with the problem of adopting some criterion of its relative position. 
When drawing the curves, the best linear fit was made to the lower 
points, being faired into the upwind equilibrium profile by eye. 
There is an inevitable tendency to draw curves which conform to 
preconceived notions of the way in which successive profiles should 
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develop. However, with three independent sets of curves, covering 
both directions of transition and a reasonably large height range, we 
ho ped that subjectivity would be minimised. 
o was taken as the upper limit of the linear portion to 
estimate development of the boundary layer with fetch , and points for 
the three cases are plotted on a common curve Fig. 21. No 
significant difference is evident between the smooth-rough, and the 
rough-smooth pOints, suggesting little dependence of o on z 
o 
It is of interest to compare this with the 4/5 power law for 
the growth of the turbulent boundary layer over a flat plate from 
boundary layer theory (Schlichting (59. p.537) ). A line with this 
slope is drawn through the observations in Fig. 21. It is seen to 
be a reasonable description of the development of the logarithmic 
region of velocity profiles. Jensen (102 p.26) quotes the formula 
derived by Schlichting (103) for flow over a rough surface, 
o = Const . xO •8 z 0 · 2 
o 
This form was also deduced by Elliot from his simple theory, 
The broken lines Band C show the P - T predictions for their 
'd' which we have thus far identified with o . The vertical 
displacement reflects a different definition of the interface. The 
difference between their curves Band C originates from the assymmetry 
for opposite directions of flow wh i ch is evident from their Fig. 1 • 
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e) Conclusions. 
We describe measurements of surface drag downwind of a change 
of surface roughness. 
were 0.002 cm and 0.25 cm 
The respective values of roughness parameter 
i.e. a change of 100: 1 referred to z 
o 
We find the variation of surface stress in the smooth-rough 
direction more abrupt than predicted by either the Panofsky-Townsend 
theory or the boundary layer theory of fluid mechanics. Beyond 
about 10 m fetch the surface stress can, at least over our limited 
range, be regarded as constant. However, the variation of stress 
required by the Panofsky-Townsend theory is not great beyond 10 m , and 
would be difficult to detect with our instrumental accuracy. In the 
reverse direction of flow, the stress adjustment is rather slower, in 
better agreement with the theory. The absolute value of stress 
change differs from the Panofsky-Townsend prediction in both directions 
of flow. The discrepancy may be ascribed to sensitivity of the 
theory to values of z 
o 
If, as our measurements indicate, a large percentage of the 
total stress change occurs within a short distance, it may be useful to 
regard it as complete for all practical purposes. Such a quasi-
equilibrium condition may conveniently describe the scale of events 
with which we are normally concerned in nature. A well-defined 
boundary condition, in which the flux at the surface undergoes a 
step-function, simplifies the treatment of transition phenomena. 
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In particular, it permits the use of Taylorts analysis to calculate the 
extent of the modified region, provided that measurements of upwind and 
downwind surface stress are available. 
We also present detailed observations of velocity profiles in 
the modified region for three different conditions of roughness change. 
The velocity discontinuity is, in all cases, quite sharp. Below the 
discontinuity all profiles may be adequately described by the 
logarithmic form. General features of velocity adjustment are as 
defined b y Panofsky and Townsend, although accelleration at the surface 
is more rapid. This is consistent with abrupt stress adjustment. 
Fig . 21 may be regarded as a summary of our velocity profi l e 
measurements. The height of the "boundary layer" defined by the 
logarithmic region is consistent with the 4/5 power law of fluid 
mechanics. We have, unfortunately, no profiles of shearing stress 
with which to test further Taylor's theory. 
Possible extensions to our experimental work are many, but 
all require considerable preparation in order to be effective. More 
anemometers and drag plates would improve definition, and shear stress 
profile measurement would complete the picture. However, the 
resulting volume of data would be unmanageable without automatic 
recording and analysis facilities. Development of such equipment 
is of prime urgency for the immediate future. 
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Improvement of our field site is also possible by clearing 
and levelling the upwind fetch to enable exploration at greater heights 
and distances downwind of the roughness change. The effort would be 
well justified on a site where, in our experience, reasonable periods 
with neutral conditions are frequent, and accurately predicted. 
There is clearly need for investigation of the interdependence 
between surface structure and the atmospheric wind of which the problem 
of roughness transition is only part. studies involving the details 
of surface geometry are few, even in wind-tunnels. Schlichting 
(59 p.527 and p.553 et.seq.) describes laboratory experiments by 
several workers who attempted to measure the drag coefficients of single 
roughness elements , and arrays of elements of various forms. More 
recently there have appeared isolated papers and articles describing 
similar work (e.g. references (42) and (60) ). 
We have noticed in our search through the literature, that a 
good deal of material on the subject of fluid flow over variously 
roughen ed surfaces is contained in Ph. D. theses, and departmental 
reports whence its e x istence is not widely known. We believe that 
a systematic collation and re-analysis of this work (in the manner of 
that by Slotta (39) for his evaluation of K would contribute greatly 
to our knowledge of surface roughne ss effects. 
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CHAPTER 4 
DRAG COEFFICIENTS AND THE DIABATIC PROFILE 
a) Introduction. 
In the previous work we have concerned ourselves with 
questions of the behaviour of a flow which has been deliberately thrown 
out of equilibrium by an impulsive change at the surface. We 
avoided the complexities of thermal instability by selecting favourable 
operating periods of near neutral stability. The drag plate 
however , is a useful instrument for the investigation of shear stress 
relations and the diabatic wind profile. During the course of this 
work it was suggested that the large drag plate could be advantageously 
used to study a specific problem of this type. 
The need for accurate determination of shearing stress is 
evident if we consider our example of the practical and important 
problem of determining the flux of water vapour . Under steady state 
conditions, and equilibrium profiles, evaporation may be determined by 
what has become known , as the aerodynamic method. This method is 
based on an hypothesis of similar relations between fluxes and 
gradients of momentum and water vapour respectively. In neutral 
conditions momentum flux may be determined from the Prandtl logarithmic 
wind profile (1 0 23). For the more usual diabatic situation, 
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recourse must generally be made to one or other of the empirical or 
semi-empirical corrections referred to briefly in Chapter 1. None 
of these is entirely satisfactory over the entire stability range 
encountered. We refer again to the early review of Elliot (8), and 
to the discussion by Sheppard (13) of more recent opinions on the 
question. 
Direct stress measurement with drag plates, or by eddy-
correlation methods involves the use of complicated and delicate 
instruments, and a reliable method of stress derivation from simple 
anemometer data has obvious advantages for routine use. Pasquil 
(104) has shown that stress may be derived from the logarithmic law 
with little error provided that measurements are made sufficiently 
near the surface to be in the region where the influence of buoyancy 
on the flow is small. In practice the difficulty of accurate 
measurement of heights and concentration differences over small height 
intervals creates other problems. Deacon and Swinbank (105) argue 
that these difficulties may be relieved to a great extent with the aid 
of a drag coefficient measured close to the surface. 
The drag coefficient, a concept carried over from studies of 
skin friction, is a dimensionless parameter formed with the two 
predominating forces acting on the surface, shearing stress and dynamic 
pressure. Referred to the velocity u measured at some reference 
height the drag coefficient 
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= 
or in the usual notation 
= 
In micrometeorological work , the term "drag coefficient" has 
been used variously to refer also to 
u* 2 u* ( ) and ( ) 
u u 
according to convenience. 
While CD is related to surface roughness, it is not a unique 
characteristic of a particular surface in the same way as Zo ~ Its 
value depends on the height at which the reference velocity is measured, 
and is in consequence stability-dependent. The basis of the 
Deacon - Swinbank argument is that, sufficiently close to the surface, 
this stability dependence is below observational resolution. 
Reproducing their analysis, we have, for wind speeds 
u2 and u1 ' measured in neutral conditions at levels z2 and z1 ' 
'to = p U; = 
= 
P ,,2 (u - u 'f 
2 1 
(In z /z 'f 
2 1 
(In z / z )2 
2 1 
••• (4 .1) 
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may be taken at levels sufficiently elevated to avoid 
height uncertainties, and under neutral conditions u2 I u1 ' is 
constant for a given surface. 
~o = 
Then 
G 
1 
p if 
1 
If simultaneously the wind at level z as close as practicable to the 
s 
surface is u s then similarly 
s 
~ 
0 
50 that 
G 
s 
= 0 
= C 
5 P u
2 
5 
••• (4.2 ) 
u2 
..L- ••• (4.3) 
1 u 2 
5 
When neutral conditions exist, the drag coefficient C1 and hence Cs 
may be determined without the necessity to measure the height z ,a 
s 
distinct advantage over an ill-defined surface. If the drag 
coefficient referred to this height can be shown to be independent of 
stability, shearing stress may be derived under all conditions from 
this reference velocity alone. 
Returning to the problem of the diabatic wind profile 1 the 
parameter which has long been used to specify the effects of thermal 
stratification and buoyancy is the Richardson number. 
expressed either in gradient form 
Ri = ~ 
T 
(~+ r ) 
( ~~) 2 
This can be 
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where g is the acceleration due to gravity, T the absolute temperature, 
and r the dry adiabatic lapse rate, or in flux form 
g A 
- R = f C T (~) P GZ 
C is the specific heat of air at constant pressure, and A the p 
vertical heat flux. 
Both forms involve the gradient of velocity, and are 
therefore functions of height, so that the parameter frequently used is 
the non-dimensional stability length Iz/ LI proposed by Monin and 
Obhukov (12), where 
L = 
p ~ C T p 
K g A 
••• (4.6) 
There is no fundamental physical difference between these 
alternative forms» all relating in some way the ratio of conversion of 
energy by buoyancy forces to its production by wind shear. It is 
apparent however, that uncertainties in the measurement of gradients 
for (4.4) and (4.5) have been replaced by the necessity to determine 
u* very accurately since small errors are magnified three times in the 
calculation of L. 
Nevertheless, we reiterate that a well-calibrated sensitive 
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cup anemometer, properly exposed, remains the most accurate field 
instrument available to the micrometeorologist. If the independence 
of C
s 
on stability is demonstrated, u* may therefore be determined with 
considerable confidence. In order to investigate the question it is 
necessary to measure u* independently of the velocity profile. 
b) Experimental Procedure. 
The site of the experiment was the C.S.I.R.O. Division of 
Meteorological Physics field site at Kerang, Northern Victoria. 
This is noted for its flat terrain, and provides excellent exposure for 
micrometeorological experiments. We installed two large drag plates 
in the pasture, which consisted of an annual grass, varying in height 
from about 5 cm to 25 cm. Alongside each drag plate two anemometers 
were exposed at ~ m above the solid ground. Fig. 26 shows one of 
the installations, and also illustrates the nature of the vegetation. 
Considerable difficulty was encountered in finding a uniform 
location for the instruments, and it became obvious that even a 91 cm 
diameter drag plate was too small to adequately represent the average 
ground cover. Hence the absolute values of ~ measured were not 
necessarily those appropriate to the paddock as a whole. The 
uncertainty of exposure was confirmed by simple checks in which tufts 
of grass a short distance upwind were trimmed and the turf sample 
o 
rotated through 90 with respect to its surroundings. Both 
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operations produced significant changes in the drag coefficient. 
Of the measurements being made simultaneously by members of 
the Division of Meteorological Physics, the only ones of direct 
relevance to our measurements were those contributing directly to 
classification of stability. Heat flux was measured by eddy-
correlation techniques as described by Dyer (106) and net radiation R, 
and ground heat flux Q were recorded continuously. 
Runs were of half-hourly duration, consisting of three 9 
minute exposures of the drag plates, interspersed with! minute zero 
checks under the draught-proof covers. "Automatic" calibration 
checks were made between runs. Our aim was a continuous series of 
measurements throughout the diurnal stability cycle. 
c) Results. 
Measurements made during the two-week observation period are 
given in Table 9. Drag and velocity is recorded separately for 
each of the 9 min. periods, but the drag coefficient has been 
calculated from the mean over the half-hour run. 
Values of L are available for only a few of our runs. 
However, values of R - Q are available for most occasions, and these 
are included in the table as a general guide to stability conditions. 
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Notes relating to the condition of the drag plates are given 
with the data, and the following point are significant. 
(i) o The effect of rotating the turf sample on DP 1 through 90 on 
11/10/63 is evident, although neither orientation was obviously 
superior. 
(ii) The second drag plate DP 2 benefitted in its exposure by 
experience gained with the first. This is evident from the 
sequence of runs from 14/10/63 to 17/10/63. 
(iii) DP 1 was moved on 16/10/63 to a new location, and the 
apparent increase in drag coefficient with the change indicates the 
nature of the exposure problem stressed earlier. 
(iv) Rain on 18/10/63 tended to flatten the surrounding area, and 
this, combined with the enhanced growth on the drag plate, which was 
covered, increased the values of the drag coefficient recorded. 
Because of changes in physical conditions, both abrupt and 
gradual, it is inappropriate to compare the results of runs taken on 
different days. However the study of a sequence of runs throughout 
a day in which the only change was in stability conditions constitutes 
a reliable experiment. 
Deterioration of the drag plate condition and exposure at 
the end of the period is evident from the increasing scatter in the 
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values of drag coefficient observed, although on no occasion is a 
systematic variation with stability obvious. In the most 
favourable periods after careful installation of DP 2 on 13/10/63 
scatter is in the region of ± 2% , and in the case of DP 1 after 
re-installation on 16/10/63 about + 5%. 
These represent the "noise" which would mask any genuine 
systematic dependence of drag coefficient on stability, and would 
represent a 6% and 15% error respectively in the determination of 
L as discussed above. 
It will be noticed that during the two-weeks period there 
was a general tendency for the drag coefficient t o increase by about 
20% • This effect would, in our case, have been ascribed to 
physical changes of the drag plate turf sample. However, it was 
also apparent in the results of other members of the expedition , 
and probably due to growth of the vegetation. Given the same 
velocity field, this effect would increase u* , and decrease Us ' both 
changes being in the direction of increasing C • 
s 
In practice, 
application of this device , relying as it does on the constancy of the 
wind reference level, may be severely inconvenienced by the effect of 
growth. 
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d) Conclusions. 
Although no systematic variation of drag coefficient was 
found with the diurnal stability cycle, this experiment cannot be 
regarded as a conclusive demonstration. With the possible exception 
of the occasions when the respective drag plates had been newly 
installed, observational scatter was greater than had been anticipated. 
The reason for this was the difficulty of precise installation 
of the drag plate in the thick grass, and its sensitivity to anomalies 
of the surface structure, which has been demonstrated. These will 
cause non-uniformity of response of the instrument with wind direction. 
Clearly, if such exposure errors are to be avoided, the drag 
plate diameter must be an order of magnitude greater than the scale of 
surface irregularities. In pursuit of a conclusive test of the 
Deacon-Swinbank hypothesis we have installed the drag plate in a close-
cropped turf surface, and the experiment is continuing. Photographs 
of this installation are used to illustrate the description of the 
instrument in Chapter 6, Figs. 33 and 34. 
The value of the Kerang experiment which has been described 
lies in its contribution to the development of the drag plates. 
It also illustrates the benefits to be gained in relating aerodynamic 
phenomena to measurements which may be made with the rotating cup 
anemometer (of which the Deacon-Swinbank hypothesis is an example). 
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Exposure problems which preclude the use of "surface" instruments 
(e.g. drag plates, lysimeters~ evaporation pans) for routine 
observation in the average agricultural crop, affect aerodynamic 
measurements to a far less extent. The anemometer, in fact, 
achieves a "smoothing" of the upwind surface conditions which is in 
many instances to be desired. 
Fig. 26. Drag Plate Installed in Long Grass for Drag 
Coefficient Experiment at Kerang, Vic. 
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CHAPTER 5 
PROBLEMS ASSOCIATED WITH THE MICROMETEOROLOGICAL STUDY 
a) Introduction. 
In this chapter we discuss a miscellany of subjects which 
provide background information of a practical nature to the experimental 
work of Chapter 3. We describe the selection and preparation of the 
field site 3 and the prevailing synoptic conditions. 
We also describe investigations which were made to detect 
anomalies which may have affected our experiments. They are 
subsidiary to the main theme of this thesis, but are of sufficient 
relevance and general interest to warrant inclusion. 
b) Selection of the Field Site. 
Pertinent comments on this subject have recently been made 
by Swinbank (34) who points out that aerodynamic studies in the 
atmosphere are not infrequently prejudiced by the unsuitability of the 
experimental site for the investigation in question. The ideal 
site for our work would be an extensive area of uniform surface to 
ensure properly established conditions upwind of the roughness change. 
We preferred to avoid vegetated surfaces, which are liable to change 
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their physical structure with the seasons, and therefore searched the 
region within a convenient distance of Canberra for a large paved 
surface. 
A disused airstrip appeared to be a likely solution. The 
standard dimension of such an airstrip is about 50 m wide and 1800 m 
long ~ the narrowness being mitigated in some measure by the fact that 
airstrips are preferably oriented along the direction of the prevailing 
wind. Of several airstrip surveyed, the one at Jervis Bay Naval 
College was chosen on account of its uniform well-maintained surface~ 
the absence of buildings or trees in the vicinity, and its infrequent 
use. On either side of th& runways was a 20 m wide belt of sandy 
soil sparsely vegetated with tufts of grass, beyond which the 
vegetation increased in height to about 1 metre, comprising the bushy 
scrub which covers this region. 
Plans of the site appear in Figs. 11, 12~ and 14, and its 
exposure is illustrated by the photographs, Figs. 23, 24, and 25. 
The most suitable location for our drag plate work was Site A, Fig. 12, 
to take advantage of the northerly and southerly wind. From the 
North the exposure is seen to be excellent. From the South the 
fetch is limited to 160 m over tarmac, with another 20 m of sandy 
surface. Beyond this were small bushes ~ and slightly rising ground. 
Site B on the western end of the EW airstrip is shown in 
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Fig. 14 • Our interest in this site lay in the 120 m of fairly 
uniform grass adjacent to the end of the airstrip. During a period 
of exceptionally steady westerly wind~ development of velocity profiles 
over the tarmac was investigated at this site, as described in 
Chapter 3. 
It is common practice, when selecting such a site to explore 
it with anemometers to a level above that which will be of interest. 
However, in section f (3) of this chapter we report a series of 
observations which introduce a cautionary note to the interpretation 
of the results of such surveys. 
In our evaluation of the Jervis Bay Site we were misled by a 
phenomenon which is less common ~ since it was, we believe, associated 
with the thermal properties of the paved surface. Our anemometers 
were exposed in our usual range of observation height from 24 cm to 
220 cm. We chose an overcast day with S wind for the survey, and 
expected that, according to the usual rule of thumb, the fetch of 
about 200 cm would ensure an established logarithmic profile in the 
lowest 2 m • Typical of the observations was curve A of Fig. 27 , 
encouraged by which the drag plates were installed. Comparison of 
u* measured in two ways available however, indicated serious 
discrepancies, and the unreasonably low value of z 
o 
-5 (about 10 cm) 
obtained from the velocity profiles suggested that the latter could be 
in error. We therefore built a small set of anemometers to measure 
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velocities below the 24 cm level, and a mast was erected to a height 
of 5 m to study the upper levels. Under the same synoptic 
conditions, we were able to extend our velocity profile, as the broken 
curves in Fig. 27 show. The value of z calculated from the lower 
o 
part of the curve is reasonable. * (0.002 cm). 
We tentatively explained the effect as persistence of the 
turbulent structure characteristic of the upwind vegetation. We 
suggested that this could inhibit boundary layer growth over the very 
smooth tarmac and give rise to a deep transition layer covering fairly 
precisely our normal vertical range of observation. We were 
concerned, too, that the flow over the tarmac was being affected from 
the sides and above by the bush and tree coverage of the entire area. 
We therefore tried to concentrate all instrumentation within the 
established layer close to the surface. 
Wishing to avoid, at least in the initial stages, thermal 
instability effects, we made observations only on overcast days, but it 
was not until two or three days of neutral conditions associated with 
* Although rather less than would be expected from the list prepared 
by Deacon (9), this value was later confirmed by measurements at 
Canberra airport, which has a similar surface. 
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heavy cloud and drizzle were experienced that the question was 
resolved. Curve B Fig. 27 , indicated that on such occasions a 
logarithmic velocity profile was established to at least 4 m • 
Subsequent analysis of many profiles reveals that even a slight 
departure from neutrality over the tarmac disturbs the profile in this 
manner. This effect has been observed by Deacon (9) (see his 
Fig. 26), who also ascribed it to roughness discontinuity, and by 
Glaser et. ale (100), in both cases over a paved area. It is likely 
that it is associated with the thermal properties of the runway, and 
development of a thermal boundary layer. 
Although in itself an interesting phenomenon, stability 
problems were not central to our study, We subsequently took care 
to avoid them by operating only when the cloud cover was thick and 
persistent, or late at night. 
c) Weather Conditions. 
It was reasonable to suppose that one of the airstrips would 
be oriented in the direction of the prevailing wind, and we expected 
favourable working conditions to be frequent. In the even however, 
this was not the case. Airflow directly along the runway occurred 
under only two types of weather condition. When the prevailing N-NW 
gradient winds were accompanied by dry but generally overcast 
conditions, periods occurred when the wind was favourable from the NNW, 
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particularly in the forenoon. It generally strengthened and veered 
to N or NE during the afternoon, the sky often clearing towards 
evening as the wind dropped. With a southerly change came strong 
S to SE winds, almost invariably accompanied by rain and a considerable 
drop in temperature. , The period influenced by the southerly change 
varied from 12 hours to four or five days, depending on the int"ensity, 
speed and direction of the associated trough, and we generally looked 
to the final day or so following the change, with low cloud, mist and 
intermittent drizzle for good neutral conditions and steady winds. 
The prevailing northerly air-stream under conditions of 
strong solar heating tends to veer during the morning to an easterly 
sea breeze about mid-day, where it remains steady and strong until 
evening when it drops fairly quickly. An unfortunate disposition 
of trees and hillocks made this direction useless and we were unable, 
in consequence, to make systematic studies of the effects of strong 
instabili ty. With one notable exception when we were able to take 
advantage of unusual conditions for the profile development work 
described in Chapter 3 J a westerly wind occurred only as a katabatic 
drift from the tablelands in the early morning. 
In consequence most of our observations were made with the 
southerly wind. Our expeditions varied in duration from two to ten 
days, according to the purpose of the trip and the weather conditions. 
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We relied upon predictions of suitable periods by the meteorological 
office at Nowra Naval Air Base. The southerly change was almost 
invariably predicted accurately as regards its timing and severity. 
Northerly wind directions were not so successful since Jervis Bay is 
situated on a peninsula, the effect of a sea breeze being difficult 
to forecast with certainty. 
d) Preparation of the Rough Surface. 
For the principal part of this work we were set the problem 
of providing a second surface adjacent to the tarmac, with significantly 
different roughness properties. In Chapter 2 we discussed the 
impractibility of specifying roughness in terms of the geometry of 
individual elements. We have also defined the roughness parameter 
z with which surfaces may be compared in roughness by virtue of their 
o 
effect on the shear flow over them. If we wish to observe the 
effects of a transition in roughness alone, it is necessary to revert 
for a moment to a consideration of the individual elements, and their 
form, in order to design a realistic experiment o 
Our "smooth" surface was the tarmac. It was embedded with 
locally quarried stones and sand rather smaller and smoother than 
conventional road metal, and had a value of z of about 0.002 cm • 
o 
We considered covering a large area of tarmac with a thin, but tightly 
packed layer of pebbles of larger size, so that the modified roughness 
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would be of the same species as the original. This however, would 
have raised the mean level of the surface, and thus impose another 
effect. There were also logistic difficulties. 
We avoided these problems by use of a roughness field of 
thin vertical spikes. Rolls of reinforcing mesh 20 m long by 
2 m wide, consisting of 11 S.W.G. wires welded to form squares of 
7.6 em side, were prepared as in Fig. 22. Seven wires in every 
eight were snipped and bent vertical. The resulting roughness mats 
were most convenient in use, since they could be pulled around on the 
smooth tarmac surface as required, and removed completely to check 
zero roughness conditions. Unfortunately, the remaining horizontal 
wires were necessary to hold the vertical ones together. However, 
the experiment described in the next section suggests that their 
contribution to the measured drag was small, excepting perhaps for the 
first few wires downwind of the transition. 
other advantages of this roughness were its uniformity of 
distribution, and the fact that it has a precise geometrical form. 
Its roughness parameter was 0.25 cm , this roughness change proving to 
be a most convenient one in practice. 
e) Anomalies of the Drag Plate Roughness Sample. 
The density of roughness elements was not sufficiently great 
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to avoid the possibility of a significant error in the drag plate 
sample. It was possible to provide it with 28 ~ 1 spikes 
depending on its position. The necessity to satisfy other problems 
associated with the roughness mats dictated that it should occupy a 
position of 29 spikes. 
We studied briefly the dependence of the measured drag on 
the number and orientation of spikes at the end of our series of 
smooth-rough runs on 1/3/63. The drag plate at this time was 
downwind of the maximum roughness fetch. We performed our normal 
run procedure as described in Chapter 3 1 but between runs either 
o 
removed a row of spikes, or rotated the existing sample through 90 • 
The results are given in Table 3 , and Fig. 28 • The 
numbers at the end of the rows of spikes in the diagram refer to the 
order in which they were removed. The graph indicates that the 
drag plate measurement is a linear function of number of spikes for 
both orientations. The displacement of the curve in the two cases 
presumably reflects the effects of the horizontal surface wires which 
present a maximum obstruction in the crosswind case, and a minimum in 
the downwind. 
We conclude that whilst a systematic error may have existed 
in the drag measurements on this account, there appear to be no 
singularities associated with the number of spikes used. 
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f) Subsidiary Velocity Profile Surveys. 
Our efforts to explain the anomalous velocity profile 
described in section b of this chapter, led us to study the 
aerodynamic limitations of the airstrip for the work which we proposed 
to do. Three characteristics of the site suggested themselves as 
likely to produce spurious results. They can be called: 
1) the problem of a very smooth surface; 
2) the problem of lateral diffusion on sites of limited width; 
3) the effects of close proximity to upwind obstacles. 
We investigated these problems , as is usual by measurement 
of velocity profiles. However , the unexpected results of 3) suggest 
that observations of the velocity field alone should be assessed with 
caution. 
1) This question arose because the very small value of z (0.002 cm) 
o 
measured on the tarmac surface suggested that the flow may not be in 
the aerodynamically rough regime, according to the commonly quoted 
Nikuradse criterion mentioned in Chapter 1. See for example 
Deacon (9), Sutton (107 p.82), and Priestley (14 p.20). 
Rottats (70) analysis of Nikuradse t s work is the most recent. He 
found that the transition between aerodynamically smooth flow and 
completely rough flow was defined by 
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5 < < 55 
Furthermore, for Nikuradsefs sand grains an approximate value of 
z = k /30 enables definition of the transition region in terms of the 
o s 
more usual micrometeorological parameters 
0 .17 < < 1 .8 
It has been suggested by Deacon (108), that under conditions 
of strong inversion and light winds, the anomalous stresses observed 
by Rider (109) may be due to the onset of aerodynamically smooth flow. 
At Kerang, during the measurements of drag coefficients described in 
Chapter 4, we noticed a similar tendency, although confined to only one 
drag plate installation (see in Table 9 the observations of DF 1 on 
13/10/63 and 14/10/63). It may, perhaps, be ascribed wi t h equal 
plausibility to somewhat greater rigidity of the grass blades at night 
under lower water stress. It is unlikely that the Nikuradse 
criterion applies to vegetated surfaces , but it may be realistic for 
our granular tarmac surface. If so, aerodynamically smooth flow 
would result in an unwanted transition from smooth to rough regime 
over our "rough" surface. 
To investigate the position, we compared values of u* derived 
from the fully-rough neutral wind equation (1.23) with that measured 
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directly with the drag plate over a wide range of wind speeds. 
Values of u* measured in the two ways agree within the limit 
of accuracy of the instruments, and furthermore, individual velocity 
profiles yielded identical values of z • 
o 
We therefore concluded 
that any effects which might exist as a result of the flow regime not 
being fully rough were so slight as to be undetectable with the 
instrument accuracy available. 
2) During experiment (iii), described in Chapter 3, we were in some 
doubt as to the effects of the relative narrowness of the airstrip, and 
the vegetation on either side. At our furthest station downwind of 
the grass-tarmac transition it seemed possible that the flow might no 
longer be two-dimensional. 
During the steady wind conditions of 20/6/64 and 21/6/64 
we made an anemometer traverse across the airstrip at the 245 m fetch 
to within 1 m of the N edge of the tarmac. This edge was selected 
as having uniform edge structure and growth upwind to the W tarmac 
dispersal area, similar to that on the NS airstrip where most of the 
transition and drag plate work was performed. Also, an 8 m width 
of tarmac on the southern edge of the EW strip was slightly rougher 
than the rest , having been added at a later date. The 20 m width 
of sandy soil adjacent to the N edge of the airstrip was thinly 
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vegetated with shrubs up to ~ m high. Beyond this was low scrub 
which gave way to bushes 2-3 m high at about 30 m from the airstrip. 
starting 31 m from the N edge , we moved N in steps of 7 m at 
the positions indicated in Fig. 14. Large and small anemometers 
were used as for the preceding runs , the small mast being exposed to 
the N of the large one. The traverse was made to the N edge and 
back i n near-neutral conditions on the night of 20/6/64, and again in 
lapse conditions on the following morning. 
The data is presented in Table 7, and the mean of the neutral 
runs illustrated in Fig. 29, where velocities are normalised to the 
297 cm anemometer . No effect of the edge is evident until the 
station 1 m from the N edge. The large mast has alternate 
anemometers on opposite Sides, and the effect of the lateral separation 
of the two sets of anemometers is apparent. At this last station , 
the small anemometers were placed on the S side of the large mast, and 
are influenced less as a result. 
We conclude, therefore, that for a steady wind, well aligned 
with the airstrip, the effect of lateral diffusion did not contaminate 
velocity measurements made to a height of 3 m, at a distance of 7 m 
from the edge. At the centre of the airstrip, 25 m from the edge, 
we may be quite confident that the airflow within our usual height 
range was characteristic only of the tarmac surface. 
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3) We have discussed, in Chapters 2 and 3 , the controversial 
question of the distance downwind of a change in surface characteristics 
necessary to obtain air-flow representative of the new surface. 
The other form of disturbance to be avoided by the micrometeorologist 
is that created by the presence of upwind obstacles of considerable 
bulk, such as tree-belts and buildings. The fetch required to 
avoid problems from this source presumably depends on the height of 
the obstacle, rather than the desired height of observation. This 
has been well illustrated by Brooks (110) in his Fig. 1, and his 
descriptive paragraph on the subject. He draws on the results of 
o Tani (111) for flow over a step, which suggests a 7 wind shadow behind 
obstacles before the underlying surface begins to influence the eddy-
structure. (Tani~s work is also available in extended form by Tani 
et. ale (112) ). 
The work reviewed in Chapter 2 deals with surface-generated 
disturbances to the flow. To the best of our knowledge there have 
been no systematic studies of the wake of bluff obstacles on the 
atmospheric scale. 
Referring to Figs. 14 and 25 , we note the presence of 
fairly substantial barriers upwind of the grass area, in the form of 
a belt of trees 5 - 7 m high. Downwind of these are bushes 1 - 2 m 
high. We thus had an opportunity to observe the effects of an 
exposure of obvious unsuitability for micrometeorological work, and to 
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check the efficacy of anemometer surveys. 
On 21/6/64 we made a traverse from the grass-tarmac 
transition to the tree-belt, measuring velocity profiles at positions 
shown in Fig. 14. The wind was steady in direction as for the 
grass-tarmac runs of the preceding day. 
The velocity measurements are given in Table 8. Agreement 
between the two 10 minute runs at each station is excellent, and their 
mean is plotted in Fig. 30. There is no apparent deterioration of 
the velocity profile up to the last station at 25 m distance from the 
tree belt. This last profile represents, in fact, an excellent 
example of a well-established logarithmic profile to a height of 3 m J 
with a value of roughness parameter by no means inappropriate to the 
grass surface. 
A position 4 barrier-heights downwind of a 6 m high belt of 
obstacles is clearly no place to expect equilibrium flow to a height 
of 3 m • Yet the anemometer survey implied that it was. We 
would suggest, however, that profiles of shearing stress would have 
revealed considerable lack of regularity, and that here we have an 
absurd situation which illustrates the insensitivity of an array of 
cup anemometers to changes in the turbulent stress. The best that 
can be hoped for is that such an array will measure the mean velocity 
field in a transition region, but that it is unprofitable to attempt 
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to derive the shearing stress from it. 
We are faced with the unsatisfactory situation that the 
micrometeorologist armed only with anemometers and intuition may more 
profitably assess his field site with the latter. 
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CHAPTER 6 
NEW INSTRUMENTS DEVELOPED FOR THIS STUDY 
a) Introduction. 
As qualitative observations give way to detailed measurement 
in the science of micrometeorology, there is an increasing need for 
more accurate, and more reliable measuring instruments. The design 
of equipment which must operate reliably when exposed to the elements 
raises problems which are not encountered in the laboratory. Yet 
in many cases, the accuracy and sensitivity demanded are of the same 
high order. When in addition the parameter being measured is likely 
to fluctuate with a wide range of frequencies and amplitudes, the 
problems are multiplied. 
We describe in this chapter details of the design and 
operating procedure of instruments which were specifically designed to 
satisfy the needs of the experimental work of chapter 3. The drag 
plate and anemometer designs should find ready application to other 
aerodynamic studies in the atmosphere. 
b) Shearing Stress Measurement. 
The vertical flux of momentum, or shearing stress ~ may be 
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measured in one of four ways. 
1) By computation from vertical wind profiles. While the 
validity of the Prandtl logarithmic wind relationship (1.23) is well 
established for neutral stability, the more usual diabatic profile 
obliges recourse to one of the many forms of correction proposed, with 
particular difficulty in strong stability. (We refer to the 
literature on this subject in Chapter 1.) Moreover, as we have 
seen, this method is invalid in transition regions. 
2) By deduction from the geostrophic wind. Estimates of 
based on geostrophic departure in the friction layer appears to have 
been first attempted by Richardson (113). The principles involved 
may be found in one of the text books of dynamic meteorology (e.g. 
Brunt (114 p.259) ). They are also briefly described, and utilised 
to obtain values for drag over the sea by Sheppard et. ale (77). 
However~ the extrapolation implicit in the method is liable to serious 
error close to the surface. 
3) By eddy-correlation methods. These rely upon simultaneous 
measurement of the fluctuating quantities . expressed in the Reynolds 
stress equation ~ = p u'w'. Much effort is being devoted to 
accurate eddy-stress . measurement with hot-wire anemometers, 
anemoclimometers, and sonic anemometers, and these at present represent 
the only possibility of vertical stress profile measurement. (See 
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for example Dyer (106), Kaimal and Businger (115), Martinot-Lagarde 
et. al. (116) ). 
4) By direct measurement of drag on a sample of the surface. 
This originated with an instrument by Sheppard (117) later improved by 
Pasquil (118). Other investigators have subsequently adopted this 
approach, notably Rider (109) and Vehrencamp (119). Mention should 
be made also of the two large instruments recently built in the U.S. 
to measure shearing stress; the 20 ft. shear stress lysimeter at 
Davis, California, and the ice-block drag plate made by the Wisconsin 
Department of Meteorology on the frozen Lake Mendota. Preliminary 
descriptions of these appear in Annual Reports from the respective 
Departments, under the authorship of Goddard (120) and Stearns (121). 
The instruments referred to in 4) were not altogether 
satisfactory for various reasons. (117) and (118) were subject to 
edge effects at the annular gap which separated sample from surroundings. 
They also needed a simultaneous wind direction record to determine the 
stress as did (109). Both of these limitations were avoided by 
(119) who balanced the stress with a series of servo-systems. 
However the resulting complication did not appear altogether suitable 
for a field instrument. 
The drag plate to be described overcomes these difficulties. 
Its simplicity of design contribute to ease of maintenance in the field, 
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and its successful operation depends only on the care with which it 
is installed and adjusted. The mechanical principle readily lends 
itself to variations in scale, and two sizes of drag plate have been 
built for our work. In general, circular shape avoids anomalies 
likely with changing orientation to the fluctuating wind direction, 
whilst size is determined by the minimum area which will be a 
representative sample of the surface. 
The small instrument, of 18 inch (45 cm) diameter, was 
intended for use on the airstrip, the tarmac sample weighing only 1 Kg. 
The mechanism is therefore of light, although rigid construction, and 
could be installed and adjusted by one person. The large instrument 
of 3 ft. (91 cm) diameter, built for installation in vegetated surfaces, 
supports a 7 cm thick turf sample, weighing about 60 Kg. Its 
mechanism is correspondingly heavier in construction and requires two 
people to manipulate it. 
It is recognised that the 3 ft. drag plate is likely to find 
greater application than the 18 in. one in micrometeorological work. 
Since it also incorporates improved engineering features, we will 
describe the large instrument, and where important dimensions differ 
in the small one they will be added in parenthesis thus; mcm dia. 
(45 cm dia.) 
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Mechanical Design. 
A photograph of the mechanism is given in Fig. 31. It 
is seen to be in the form of a cross, the stress being measured as 
perpendicular components along the arms. The four ends of the 
arms are identical, and an explanatory drawing of one end is provided 
in Fig. 32. 
The drag plate consists essentially of a fixed frame, (1), 
and a free platform (2) suspended from it by four 0.5 mm (0.27 mm) 
piano wires (3). Nine vertical posts (4) fixed to the platform 
extend above the suspension pOints (5) and support the sample surface 
tray (6). This, together with the platform, would then be free to 
move in a horizontal plane unless constrained. The instrument sits 
in a drum (7) set into the ground, and a wooden false lid (8) between 
sample surface and mechanism keeps out draughts , insects and debris. 
Narrowness of the annular gap, 6 mm (1 mm), separating the sample 
tray from its surroundings minimizes serious edge effects. 
The platform is constrained radially by wire strain gauges 
(9), one at each end of its four arms. Dash-pots (10), filled with 
silicone oil of 1,000 ctpoise viscosity, damp out rotational 
oscillation which might otherwise be set up by a gusty wind, and 
damage the strain gauges. Since no commercial transducer could 
handle the minute forces involved, it was necessary to develop our 
own~ The nature of our experiment imposes less stringent criteria 
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of accuracy and long-term stability than is usual in commercial 
applications. We took advantage of this fact to simplify the 
design, and expedite the manufacture of our strain gauges. This 
was important in view of the number required (four) for each drag 
plate and their liability to damage under field conditions. 
Temperature effects are a common source of difficulty with 
instruments exposed in the field, and precautions were taken to 
minimise the most serious. All resistances, including the strain 
gauge wires, were made from one of the many resistance wires available, 
specifically alloyed to produce negligible temperature coefficient in 
the normal environmental range. Differential expansion of various 
components in the drag plate mechanism r which could produce large 
strains, was minimised by constructing it entirely from one material, 
which was itself chosen to have an expansion coefficient as close as 
possible to that of the strain gauge material. The most convenient 
* combination was steel, used with Evandim resistance wire for the 
strain gauges. The elastic constant of the two unbonded wires of 
0.05 mm (0.025 mm) diameter Evanohm provided a suitable restoring 
force, with convenient output for the measuring circuit. The 
strain gauges are shown in Inset (b) Fig. 31. The strain gauge 
wire is looped around glass supports, soldered to copper connection 
* Wilbur B. Driver Corp. 
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** wires, and all bonded with Araldite 1 to the steel baseplates at 
either end, the inactive resistance being kept as short as possible. 
The active length of wire in each gauge is 5.1 cm of total resistance 
about 40 {1 (140 {1 ). 
Total shearing stress is resolved into two components along 
the crossed arms of the platform, each component being measured by the 
relevant pair of strain gauges, one increasing, the other decreasing 
in tension. For such an arrangement the shearing stress 't on drag 
plate surface area B produces displacement. 
oI = I 
Y 
Where I and J are respectively the length and radius of a strain gauge 
wire, and Y its Young's modulus (for Evanohm about 1012 dyne cm-2). 
With -2 = 1 dyne cm , I is about 0.0001 cm for both sizes of 
drag plate, which emphasises the seriousness of spurious strains. 
In fact, spurious strains due to flexure, and differential expansion 
are minimised by the mechanical and electrical symmetry of the drag 
plate. 
Since the sample surface is constrained only by the wire 
strain gauges, the instrument is installed with the platform clamped 
to avoid damage. A mechanical system was devised to lower it onto 
** eiba Ltd. 
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its suspension, requiring precise vertical movement through about 
2 mm controlled from a small auxiliary hole about 1 m from the drag 
plate. 
When unsuspended, the platform rests on four plungers (11) 
which are moved vertically by the horizontal motion of inclined wedges 
on which they rest. The wedges are actuated by threaded rods, all 
four being coupled together through universal joints, and a system of 
gears, the master gear of which is driven by a rod and crank projecting 
through into the control box. When wound up, the platform is 
clamped against stop screws (12), and wound down, the weight of the 
platform and turf sample is taken by the four suspension wires. 
An important feature is the ability to check the performance 
of the drag plate easily and frequently without disturbing its 
condition. At the end of each arm a pair of differing weights (13) 
hang from thread which passes over a pulley pivoted in very low 
friction clock bearings. The thread is looped around a pin (14) 
fixed to the platform. On the action of remotely operated relays, 
(15), either or both weights exert a radial pull on the drag plate, 
providing three check points on the calibration curve. A detail of 
this "automatic" calibrating arrangement is given in Inset (a) Fig. 31. 
Small hydraulic dampers (16) are attached to the relay armatures to 
moderate its action. 
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Measuring Circuits. 
AC excitation of strain gauges can lead to considerable 
complication when multiple bridges are employed (e.g. Brooks and 
stevenson (122) ) so we used DC excitation. The circuit is given 
in Fig. 35 I the dummy bridge arms and driving cell being located in 
the control box beside the drag plate, and the galvanometer remote in 
the mobile laboratory. Each bridge is adjusted with the coarse and 
fine tapped resistors, this procedure conveniently compensating for 
slight differences between the strain gauge resistances under 
conditions of zero stress. 
The resistance of a strain gauge wire is given by 
p = 
where ~ is the resistivity of the wire material. The effect of 
stretching the gauge may be evaluated by differentiating, with ~ 
held constant. 
Also, since 
The result is 
~ 
p 
= 
dI 
I 
dJ dI r = -<J r 
2~ 
J 
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where ~ is PoissonYs constant, we have 
dP 
p 
= (1 + 2 ~ ) dI 
I 
Since ~ for Evanohm is 0.35 , the gauge sensitivity factor 
dP/p 
dI/I 
is 1 . 7 or slightlY larger 
being dependent to a certain extent on the state of the deformation. 
For our example of -2 't = 1 dyne cm ,dP ~ 0.001 0 (0.005 0 ) 
such small resistance changes prescribing that all bridge joints be 
soldered, and all connecting wires thick copper. 
We analyse this bridge configuration, where fixed arms are 
of resistance P , and the pair of strain gauges take up values of 
(p + dP) and (P dP) respectively. If the bridge driving voltage 
is E, the current through the galvanometer resistance Rg is 
EdP 
provided thatldP/plis small. Thus linearity of response is 
ensured over our normal stress range. Strain gauge current is 
limited by self-heating effects to about 30 ma (10 rna) setting a 
maximum to E of 2.5 v (2.8 v), which in turn limits the bridge output , 
and necessitates the use of galvanometer-type recorders. (An 
appropriate 8-channel recorder was designed to digitise and time-
integrate signals from four drag plates simultaneously, and is 
described in the next section.) 
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Since these instruments were built, semi-conductor strain 
gauges have become commercially available. Their gauge factors in 
the region of 60 - 100 would considerably improve signal levels, but 
their large temperature coefficient might be a problem in this 
application. However, the recent review by Higson (123) on the 
subject is encouraging, and it would appear that modern manufacturing 
techniques are able to achieve a certain amount of control over the 
linearity and thermal characteristics of the semi-conductor material. 
An alternative approach to the problem of improving signal 
outputs from wire strain gauge is that of current pulsing. This 
technique has been in common use for some time by aeronautical and 
missile research workers (e.g. Stahl and Dunn (124~ Lennox and Pearson 
(125) ), but does not seem to have achieved wide recognition elsewhere~ 
although the specialised equipment is not complicated. Suitable 
choice of pulse characteristics, and time-multiplexing would bring 
Signal output well within the range of modern digital electronic 
equipment. 
Installation. 
Installation of a drag plate into the firm tarmac surface 
has been found to present fewer problems than installation in a 
vegetated surface. Activities are severely hampered by the care 
needed to preserve the vegetation in the immediate vicinity of the 
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drag plate. Our description is oriented towards the more generally 
useful, although more difficult situation. 
Our confidence in measurements made with the drag plate 
depend upon its being installed so that the drag force measured on the 
sample area is representative o~ that over the whole area to which the 
results are to be applied. This presupposes a reasonably uniform 
ground cover, undisturbed by installation of the drag plate. 
There will usually be a least favourable wind direction, and the 
control box is installed in, and the instrument always approached from 
that direction. The hole is excavated, and soil removed using a 
catwalk elevated above the vegetation . The turf sampl e is 
carefully preserved and mounted on its tray, although with a little 
practice it is possible to replace it with another made up from a 
different but similar patch of vegetation. 
Interference between growth on the drag plate and on the 
surroundings is difficult to avoid without creating an annular gap. 
The stiffer stalks are snipped with scissors, and it is assumed that 
the force exerted by the flimsy grass leaves is small. Since 
movement of the drag plate is negligible during measurement, accurate 
construction could ensure a very small gap between sample and 
surroundings. In practice, soil, debris and insects become wedged 
in a very small gap, and it is a lesser evil to provide a wider one so 
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that they can drop through. 
A fair criterion of the quality of installation is whether 
or not the drag plate is visible to the uninitiated at a few metres 
distance. Photographs of a 3 ft. drag plate installation are 
given in Figs. 26 , 33 , and 34 • Fig. 26 indicates clearly that 
the drag plate was too small in this case to sample adequately the 
non-uniform surface, and fairly long grass. The exposure of Figs. 
33 and 34 in close-cropped turf is much better. 
Adjustment. 
Accuracy of measurement depends on careful and systematic 
initial setting up of the instrument. Description of the procedure 
will clarify certain points of the design and indicate the care 
necessary to measure small forces with a massive instrument. 
1) During assembly, the plungers (11) and clamp stop screws (12) 
are adjusted so that, when the platform is clamped, the strain gauges 
will be co-planar and horizontal. The plungers are lowered through 
0.7 mm and the suspension wires (3) adjusted to be just taut. 
Further lowering will leave the platform freely suspended, clear of 
the clamp stops and constrained only by the strain gauges which will 
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be under slightly increased tension. 
2) The drum is installed in the ground with its rim flush with the 
surface. The mechanism is lowered into it, and levelled as 
accurately as its spirit levels will allow with the frame levelling 
screws (17). The turf sample support posts (4) are adjusted so 
that the sample is co-planar with the surrounding surface. 
3) A draught-proof cover is put over the drag plate. Then, 
with strain gauges slack, the plungers are wound down to suspend the 
sample and platform which assumes the correct lateral position to hang 
freely under gravity. The mechanism is reclamped, and draught-proof 
cover and turf sample removed. The four strain gauges are tensioned 
to about 50 g (10 g) force, turf-sample and draught-proof cover 
replaced, and the instrument re-suspended. 
4) Both NS and EW bridges are balanced at zero stress and 
connected to the remote galvanometers. 
Calibration. 
-2 Calibration within the range 0.5 dyne cm is performed 
fairly frequently, using the arrangement shown in Fig. 36 to convert 
weights to a horizontal pull. This is most conveniently done 
during a calm period, usually at night. No significant departures 
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from linearity are apparent, and the main value of the calibration 
lies in the check it provides of the "automatic" calibrating weights. 
The dynamic response of both drag plates has been studied 
using the system shown in Fig. 37. A low-frequency sinusoidal 
waveform generator, with appropriate power amplification passes current 
through an air-cored coil fixed to the drag plate frame. A 
permanent magnet attached to one of the turf sample support posts 
projects into the core of the coil. This arrangement imposes a 
sinusoidally varying force in the direction of one of the drag plate 
arms. Each drag plate was loaded with its appropriate surface 
sample weight, (60 Kg. and 0.5 Kg. respectively). 
The output from the drag plate circuit was measured with a 
sensitive recorder of 1 sec. response time, and simultaneously with 
a low level amplifier and oscilloscope. The amplitude of the 
-2 
applied force was set to the equivalent of + 1 dyne cm at 0.05 cis, 
by comparison with an "automatic" calibrating weight, using the 
recorder. This also served to calibrate the oscilloscope deflection 
in terms of the recorder sensitivity. The amplitude of the coil 
current waveform was monitored with a second oscilloscope, and adjusted 
to be constant throughout the frequency range investigated. 
and + 
-2 The procedure was repeated at the equivalent of ~ 2 dyne cm 
-2 ! dyne cm • The frequency response of both drag plates is 
shown in Fig. 38 where the vertical scale is in g weight. It is 
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seen to be independent of the magnitude of the stress, and constant to 
about 3 cis and 10 cis for the large and small instruments 
respectively. The resonance at about 5 cis and 12 cis correspond 
approximately to the "pendulum" frequency appropriate to the length of 
suspension wire of the respective instruments. The resonances at 
higher frequency are likely to be associated with the mounting of the 
coil and magnet system. 
Without a detailed knowledge of the turbulent structure and 
the spectral distribution of energy at the surface, it is difficult to 
assess the significance of either the natural resonance of the 
instrument, or the loss of response at higher frequencies. It is 
believed that the resonance is at high enough frequency and sufficiently 
sharp to avoid spurious contribution to the average stress. It may 
be possible to incorporate mechanical critical damping, of the type 
used in seismographs, to reduce its amplitude. 
Operation and Performance. 
An impression of the operating procedure and performance of 
these drag plates may be gained from the description in Chapters 3 and 
4 . 
Incorrect functioning, due to debris in the gap, insects in 
the mechanism, or a damaged strain gauge is readily detected with the 
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zero, and "automatic" calibration checks. In the event of faults 
the mechanism is easily clamped from the control box without damaging 
the strain gauges or altering the calibration, and the turf sample 
removed to inspect the instrument. 
Zero drift and "jitter" are occasionally experienced when 
a drag plate is newly installed. These effects are invariably 
associated with the strain gauges o Common faults are a poor 
soldered joint to the Evanohm wire, and unsatisfactory bonding of the 
Araldite. Design of the strain gauges had evolved around their 
easy replacement ~~, and several spares are carried and 
substituted in the event of such troubles. Thermal instability is 
found to be negligible in the case of a drag plate installed beneath 
the turf, although it was rather more serious under the tarmac surface. 
The lower limit of resolution of both instruments appears to 
-2 be in the region of 0.01 dyne cm ,although this is impaired by the 
-2 limitations of the galvanometer integrator to about 0.03 dyne cm 
-2 Both drag plates have recorded peaks beyond 10 dyne em without damage, 
and in fact the strain gauge capacity is considerably greater. 
Some idea of the sensitivity of the drag plates may be gained from 
-2 these figures, and the value of the 1 dyne cm calibrating weight. 
This is 6.67 g and 1.67 g for the large and small instruments 
respectively, and their resolution is therefore about 60 mg and 20 mg. 
In the case of the large instrument this sensitivity is achieved 
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notwithstanding that it must support the 60 kg turf sample. 
A pair of stress records made for the small drag plate with 
the photographic recorder is shown in Fig. 13 • The frequency 
response in this system is limited by the 2 sec. period galvanometers. 
Fig. 29 is a similar record for the 3 ft. drag plate taken at the 
installation shown in Figs. 33 and 34. A pair of fast-acting 
sensitive recorder-s was used. The record shows "automatic" 
-2 
calibration traces representing! , 1 , and 1! dyne cm It is of 
interest that the turf sample shown in Figs. 33 and 34 has been 
preserved with daily watering for three months to date, despite a hot 
dry summer. 
c) The Galvanometer Integrator. 
In meteorological work it is frequently of interest to 
calculate time mean values of a parameter by regular sampling within 
the frequency response of the sensor and its associated recording 
instrument. When the record is drawn on a str-ip chart recorder, 
the simplest procedure is to measure the ordinate at regular time 
intervals to derive the mean, or measure the area under the trace with 
a planimeter. Semi-automatic chart conversion equipment relieves 
the tedium and subjective error of chart-reading, but there remain the 
inconvenience and delay in handling quantities of such records. 
Automatic systems have been developed which accumulate a digital number 
by mechanical or electrical coupling with the servo-drive of the chart 
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recorder. See, for example , Fritschen and Van Bavel (126) where 
one of the many shaft encoding units available was used. 
Where signal voltages are in the millivolt range, and 
spurious thermal and common mode e.m.f. t s negligible, electronic 
integrators such as that described by Thurtell and Tanner (127) are 
convenient. (127) also gives a brief, but fairly complete summary 
of the varied integration techniques which have been used. 
Electronic data logging systems which digitize and record transducer 
signals are available commercially but reliable digital electronics is 
complex and costly. In particular, the multiple channels of 
micro-volt signals commonly associated with thermo-couples and strain 
gauges usually impose an economic bar on electronic techniques, even 
with the modest bandwidth required. The instrument to be described 
proved to be a most effective and economical means of recording the 
eight stress components measured continuously by four drag plates. 
Description of the Integrator. 
The detecting instrument is a galvanometer, whose deflection 
is sensed, digitised and integrated by simple mechanical means. It 
is permanently connected to the sensor circuit, thereby avoiding switch 
e.m.f., and reducing sampling delay, problems encountered in earlier 
systems of galvanometer digitization (128). 
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Fig. 40 shows the principle of the method. A point 
source of light P is focussed by the galvanometer optical system onto 
the plane of a shutter S which rotates at constant speed in front of 
a photocell. (The light path is shown broken for economy of space.) 
Deflection of the galvanometer by the input signal causes the spot of 
light to move horizontally across the diameter of the shutter, which 
has an aperture whose periphery is such that the time during which the 
spot of light is allowed through is a linear function of galvanometer 
deflection. With the aid of Fig. 40 we see that, if the spot of 
light is at a distance r from the axis of rotation, it is necessary 
that the angle e be always proportional to the distance (R - r), 
where R is the radius vector on the axis e = 0 • It will become 
apparent, however, that as e becomes small, resolution is impaired, 
so the complete curve to r = R is not used. Behind the shutter it 
is focussed by a crude perspex lens system L1 L2 onto the photocell. 
The light source is interrupted at a convenient frequency 
coupled to that of the shutter, so that by counting the flashes with 
the photocell each time the shutter aperture crosses the galvanometer 
spot, its deflection may be determined from a previous calibration in 
terms of the value of the parameter being measured. Hence, by 
taking a known number of "samples" of galvanometer deflection during 
an experimental run, and adding the flashes, a time mean may be 
calculated immediately. Choice of size of shutter, speed of its 
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rotation, and flash frequency depend on the frequency characteristics 
of the sensor and galvanometer. 
Fig. 41 shows a photograph of part of the eight-galvanometer 
instrument. Each shutter has two apertures accurately cut 
symmetrically with respect to the axis, serving two galvanometers 
which, for convenience, derive their light from a common source. 
The reflected beam will adopt some path within the shaded triangular 
plane, depending on the galvanometer deflection, two sample beams for 
each galvanometer being shown by full lines. These focus onto the 
plane of the shutter, and the length of time for which the photocell 
is exposed to the beam is represented by the arc within the aperture 
in each case. 
The two lower discs interrupt the light sources by passing 
a sequence of holes over them. This simple mechanical device has 
certain advantages over a Xenon Lamp stroboscope used previously, 
notably that it is coupled directly to the shutters, and that the 
longer pulse simplifies the photocell amplifier design. All 
shutters are driven by a single synchronous motor, and geared together 
to rotate at 12 r.p.m., giving one sample each 2~ sec., well within 
the frequency response of the galvanometer circuit. The flash 
frequency of 60 cis after a single binary reduction is within the 
range of inexpensive electro-magnetic counters. Another counter 
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indicates the number of samples taken during the period of run, to 
enable the calculation of the mean counts/sample. 
The spot of light, obtained by putting a 24V , 48W car head-
lamp bulb close behind a pinhole, is about ! mm diameter at the 
shutter. Shutter apertures cater for a deflection of 6 cm for each 
galvanometer, covering the range of 10 flashes/sample, to 130 flashes/ 
sample, the resulting resolution of + ! mm in deflection being adequate 
for most applications where time mean values are of interest. For 
example, with the 50 n galvanometers use, 6 mm deflection with a 
30 cm light lever represents about ~A current change, or in terms 
o 
of a single copper-constanton thermocouple sensor, about 2 C f.s.d. 
o 
with resolution + 0.01 C. 
Since the resolution is determined by the size of the spot 
of light and the arc length per flash, errors in the shape and position 
of the aperture, relative to the axis, much less than + 0.5 mm will not 
detract from the overall accuracy. With the use of a template, no 
difficulty was experienced in reproducing the four shutters used to 
+ 0.1 mm • 
Counter Circuit Design. 
The counter circuit is shown in Fig. 40 • The input to 
the circuit consists of a train of light pulses at 60 p.P.s., of 
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amplitude approximately 5 x 10 lumens, producing a pulse output of 
about 6 rnA from the 90 A.G. photo-tube. The output element is a 
24 volt 154 . 0 electro-mechanical counter, with a maximum reliable 
count rate of 30 per sec. 
The drive requirements of the latter have been met using a 
valve amplifying stage, a valve divide by two stage, a transistor 
current amplifying stage, and a transistor output stage. For 
economy, no Schmidt trigger was used, and the divider hence must 
operate from trigger pulses with the relatively long rise time of 
about 1 msec. 
The design of the EF 96 amplifier is straightforward, the 
anode resistor being chosen somewhat low to obtain greater drive into 
the low input impedence of the divider stage. 
The divider design for the static conditions followed the 
usual procedure for a grid-current stabilized bistable. For 
dynamic conditions, the trigger sensitivity was improved by triggering 
on the grids instead of the anodes, and returning R7 to a tap on the 
cathode resistor instead of to the cathode. The following conditions 
for maximum trigger sensitivity were derived: 
1) Trigger period» C6.Ra » C3.Rs » trigger rise time. 
(where Ra = resistance seen by C6 when V3A is cut off, and Rs = trigger 
source resistance.) 
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2) C3.(R7 + Rs)« trigger period. 
3) R7 » grid resistance of V3A when conducting. 
The overall sensitivity achieved was about 3 nA at the input 
to the EF86 stage. 
Diodes D1 and D2 are specified as OA210 in order to withstand 
the high inverse voltage which would occur should the H.T . be suddenly 
applied before the valve cathodes have heated. D3 is employed to 
protect TS1 against reverse base voltage breakdown. 
For fast operation of the counter, the current pulses through 
it must decay rapidly. This implies a high induced e.m.f. across 
the coil and transistor, and precludes the use of the catching diode 
or CR combination which are normally used to protect the transistor. 
On switch-off, the OC16 transistor without protection breaks down when 
the collector voltage has risen to about 60 volts. This gives a 
satisfactory rate of current decay and does not damage the transistor. 
Photographic Recorder. 
Associated with the automatic integrator is a photographic 
recorder, included initially to check the performance of the integrator 
against a continuous record. It proved to be so useful that it was 
retained as part of the recording system. 
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We refer to Fig. 40. A "mirror" M of unsil vered plate 
glass reflects a small portion of the light upwards through a slit in 
a light-tight box onto a drum at the focal distance of the spot of 
light. The image from the back surface of the inclined mirror is 
rejected by using thick plate glass to separate the images, and setting 
it so that only the front image passes through the narrow slit in the 
box. The drum is loaded with photosensitive paper, and driven by 
the same motor as the integrator. A record of the output from two 
drag plates obtained with this recorder is shown in Fig. 13. 
Excepting when a simultaneous photographic record is being 
made , it is not necessary to operate the integrator in a photographic 
dark-room .. The photocell circuit will tolerate a reasonable and 
varying level of ambient light. 
Performance. 
The recording and integrating system described above has 
performed extremely well. Its stability is dependent only on 
reproduceability of the galvanometer zero, and over periods of about 
1 hour, drift was negligible with the galvanometers used. However, 
this zero is monitored frequently to calculate deflections , since in 
general galvanometer stability cannot be relied upon for longer periods. 
It is emphasized that the main virtue of the system lies in its 
Simplicity, and the low cost of its component items. By appeal to 
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the common galvanometer as a detecting instrument for each channel, 
low-level amplification and multiplexing are avoided. Furthermore, 
bandwidth is comparable with that of present low-level electronic 
systems. Advantage may be taken of the method of sampling to 
linearise the output of basically non-linear sensors, e.g., thermistors, 
without impairing their sensitivity, by suitable shape of the shutter 
aperture, thereby retaining the ability to time-integrate. 
d) Velocity Measurement. 
It was pointed out in Chapter 3, that experiments which set 
out to infer shearing stress from velocity profiles, require a 
situation where the flow is in a state of dynamic equilibrium, and 
practical criteria have been discussed. We must, in addition, 
recognise that the nature and scale of turbulence of the natural wind 
provides the micro-meteorologist with problems which do not arise in 
the well controlled environment of the wind-tunnel. In particular, 
he is set the problem of deriving from an air flow which is continuously 
varying in direction and strength past his instruments, what he will 
eventually term the "mean wind". (Even studies of eddy flux which 
derive from correlations between such turbulent fluctuation components 
entail averaging problems.) 
Sutton (107 p.249) describes fully the early work of 
Taylor (129), Scrase (130) and Best (131), who used bi-directional 
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vanes and hot-wire anemometers for the study of gustiness, and the 
first investigations into the structure of turbulence. The most 
important facts which emerge from our point of view are that, for 
reliable measurement of the mean wind, sampling periods of a few 
minutes are necessary, and that, within a few feet of the ground, the 
average magnitudes of lateral and along-wind components of eddy 
velocity are much greater than the vertical components. For mean 
profile measurement the rotating cup anemometer possesses advantages 
over other types, notably that its response is independent of 
direction in the plane of the cup circle. Furthermore, the usual 
practice of measuring the run of wind by counting its revolutions makes 
it a digital instrument of remarkable Simplicity. 
Originating from the design of Sheppard (132), a cup 
anemometer with excellent sensitivity and linearity is commercially 
* available and is widely used for the measurement of velocity profiles. 
However, by reason of the siz e and shape of its body it was not 
sui table in standard form for our measurements. 
Rider (133) describes the effects of an asymmetrical 
anemometer body, and its proximity to the mounting mast, both of which 
can produce a 3% error. Similar errors are likely in our experiments 
where several anemometers are mounted close together in a vertical plane 
across wind. We were concerned to measure not only vertical, but 
* Cassella Ltd. 
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also horizontal gradients of velocity in a relatively shallow 
developing boundary layer, and for greater precision used a larger 
number of instruments than is customary. We therefore built two 
sets of rotating cup anemometers hereafter referred to as the "large" 
and "small" set respectively. 
Anemometer Design. 
The photograph, Fig. 44 , illustrates the relative size of 
three types of anemometer which we developed during the course of this 
work. (c) illustrates the design of the first "small" set, and is 
included because this type was used for much of the early velocity 
profile measurement. Subsequent circuit developments have effected 
a further reduction in size and complication so that only the current 
deSign of "small" anemometer, (a) of Fig. 44 will be described in 
detail. 
The external appearance of the "large" anemometers, (b) of 
Fig. 44 , has not been changed since they were first built. 
However, they have benefitted from the same circuit improvements as 
have the "small" ones. 
We have used two methods of counting the number of revolutions 
of the roto~ both avoiding additional friction load. . The first was 
a miniaturised and slightly modified version of a system described by 
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McGregor (134). A mumetal vane mounted on the anemometer shaft 
passed between a pair of coils in an oscillator circuit. 
Oscillations were thus inhibited for a fraction of eachzevolution, and 
the consequent modulation of circuit current used to operate a relay. 
To save space we omitted the temperature stability precautions 
described by McGregor, and whilst reliability was excellent for the 
large set, the same circuit cramped into the body of the small set 
( (c) Fig. 44 ) failed from time to time, presumably due to thermal 
runaway. At the oscillator current of 10 rna the OC 170 used was 
very close to its designed power limit, and low air speeds and high 
temperatures at ground level probably accounted for the failures. 
It is likely that a silicon equivalent of the OC 170 , the OC 202 
which was not available at the time, would have solved the problem. 
However, when small Cadmium Sulphide photocells became available with 
a power capacity sufficient to operate the high-speed relays directly, 
we modified all large anemometers to take advantage of the resulting 
simplifications, and built a new small set ( (a) Fig. 44 ). A 
sectional drawing df both "large and "small " anemometers is given in 
Fig. 42. 
The excellent characteristics of the Sheppard anemometer 
derived mainly from the low friction jewelled bearings, and careful 
design of the rotor. We therefore obtained rotors, shafts and 
bearings from the manufacturers for use in the large instruments, which 
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were built with a small symmetrical body of aluminium alloy. They 
are very light, and can be mounted at the end of a relatively long arm, 
well away from the support mast. 
The principle of the counting circuit should be clear from 
Figs. 42 and 45. Mounted on the shaft is a celluloid disc with a 
sector painted black. This interrupts the path between a lamp and 
photocell, which are mounted on the cover plate. A small 12V , 
0.75W automobile dashboard lamp is used on account of its cheapness and 
ready availability. The photocell is a Philips B8 731/05 low 
resistance Cadmium Sulphide type with a power rating of 200 mW, and 
frequency response up to 250 cis. This enables us to use the simple 
circuit of Fig. 43. 
With the transparent sector between lamp and photocell, we 
adjust the lamp voltage until 10 rna flows in the relay circuit. 
When the light path is interrupted by the opaque sector, and the inside 
of the body blackened, the residual current of only! ma results in an 
excellent switching current swing. With the aid of an oscilloscope 
the ON and OFF periods are equalised empirically by varying the opaque 
o 
sector which occupies about 270 • 
The large light source imparts relatively slow edges to the 
switching pulses, but this does not limit the speed range of the 
anemometer. A wind speed of 10 mls produces about 10 counts/sec., 
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well within the frequency response of the photocell, and the speed 
rating of both relay and counter (80 c.p.s. and 40 c.p.s. respectively). 
Photocell counting circuits have been used previously in 
anemometers (see for example Deacon (135) , Kassander and stewart (136), 
Halstead (137) , Rhoades and Vehrencamp (138) ), but all have required 
a valve, or solid state amplifier for each instrument. The 
simplification achieved in our case, with a total of four active 
components, leads to excellent reliability. 
The large anemometers could not be used at heights below 
19! cm , and the small ones were therefore developed to extend profile 
measurement down to 5 cm. The cups are 1 inch in diameter, spun 
from 0.01 in. thick aluminium sheet, and excepting for omission of the 
beaded edge, are scaled down precisely from Sheppard's design. The 
arms, of 1/16" Aluminium rod, are of such length that the radius of 
rotation of the cup centres is also reduced in proportion. The 
significance of this precaution will be discussed shortly. The 
cups are bonded to the arms with Araldite 1, and the arms are similarly 
bonded to the light aluminium boss. The bearings are Sietz 
industrial ruby jewels with a stainless steel shaft 1.2 rom diameter. 
The relative position of photocell and lamp are clear fr~m 
the sectional drawing, Fig. 42 , the body being finned to aid heat 
transfer from the lamp. For convenience the same photocell and 
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lamp are used, although miniature medical instrument lamps would 
reduce the size of the body even further. However replacements 
proved so difficult to obtain and so costly, that their continued use 
in a field instrument was impractical. The interrupter in this 
anemometer is a short length of perspex rod, half of which is blackened, 
with a push fit hole along its axis for the shaft. Although this 
produces two counts per revolution, the maximum count rate is still 
within the range of all components. The eurrent swing is ! rna -
8 ma , but the current waveform produced by transmission through the 
semi-cylinder of perspex is somewhat complicated. The switching 
cycle is positive and reliable, however, and this remains the simplest 
method of making a dynamically balanced interrupter. 
Fig. 46 indicates the simplicity and ease of assemb y of the 
small anemometer. These are factors which contribute greatly to 
its value as a field instrument. 
Typical wind-tunnel calibrations for a large and small 
photocell anemometer are reproduced in Fig. 47. Both have a 
starting speed below 20 em/sec. This is a remarkably good 
performance for the small anemometer. The lower torque on the small 
rotor is obviously compensated by its lightness. Its sensitivity 
and compactness should appeal to those who study the pattern of flow 
within the crop canopy. 
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The Accuracy of Cup Anemometers. 
We avoid the sources of error reported by Rider (133) by 
using a symmetrical body for the large anemometer. The body of the 
small ones is unlikely to influence the flow seriously , but we always 
expose them with the narrow dimension across wind. 
During our profile measurements we arranged the large set to 
cover the height range 19! cm - 300 cm , and the small set 5 cm - 45 cm, 
the overlap providing a check against possible discrepancies in the 
measurement of mean wind due to the difference in scale of the 
instruments. Two sources of error are likely on this account. 
1) The pattern of flow in our small wind-tunnel may be affected by 
the size of instrument being calibrated. Comparison tests in a 
much larger wind-tunnel, indicated the procedure necessary to take 
account of this small effect. 
2) The response of a cup anemometer to a rise in wind velocity is 
more rapid than to a fall of the same amount and kind, resulting in 
an overestimation of a gusty wind. A study of the sparse literature 
on the subject reveals that the overestimation depends on height-
dependent factors, the most serious of which is the mean velocity. 
This implies that a "built-in" error exists in the measurement of 
velocity gradients with rotating cup anemometers, even thDugh 
identical instruments are used . It will be most serious in the 
region of greatest interest in this study, close to the surface where 
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velocity gradients are steepest. Moreover, instruments with 
dissimilar rotor geometry may not respond identically in a given 
exposure or wind condition. 
We therefore examine the magnitude of the effect, and 
ascertain to what extent our observed profile modification near the 
surface may be an artifact of the transition to smaller anemometers. 
The complexity of air motion in the region of rotating cups 
makes any theoretical treatment of the cup motion almost impossible, 
so that the design of cup anemometers , and investigations of their 
characteristics has been almost entirely empirical , based on controlled 
experiments in wind-tunnels. In this way Schrenk (139) investigated 
the overestimation of a four hemispherical cup rotor in a sinusoidally 
fluctuating wind, a study which was extended by Deacon (140) to cups 
of conical form and two different sizes . The method consisted of 
the application of braking torques of various magnitudes to the cup 
rotor in a steady wind to obtain a relationship between the aerodynamic 
moment on the rotor and its speed of rotation. Schrenk found a 
unique relationship involving two parameters y and ~ which are 
constant for a given cup shape. He was then able to calculate the 
effect of a sinusoidally fluctuating wind and obtained values for the 
overestimation in terms of a non-dimensional parameter, 
K = s 4- z 
... (6 .1) 
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where Rand R are respectively the cup radius, and radius of cup 
c a 
centres of the rotor, whose moment of inertia is Z. P is air 
density, V mean wind velocity, and e the period of fluctuations. 
o 
Fig. 48 is reproduced from Deaconts paper, and represents 
Schrenk's calculations for various values of ~V/V ,the relative 
o 
fluctuation amplitude. The broken curves are Deacon~s experimental 
results. He obtained a value of V(yl3) = 2.7 for the conical 
rotor, and assumed Schrenkvs value of 2.19 for the hemispherical rotor. 
The moment of inertia of the rotor is of the form 
Z = 3 M (~ ~ 
o c 
+ If) 
a 
where M is the mass of a cup, and ~ a constant for the given cup 
c 
shape. If the cup material is of area density E 
M = € ~ E 
o 0 
where € is also constant for a given cup shape, and (6.1) becomes 
1 
E 
v e p ••• (6.2) 
o 
If we consider a given cup form and a fixed ratio for 
R /R , (6.2) becomes 
c a 
Const. 1 E v e o ••• (6.3) 
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since p may be taken constant. 
Hence for identical form and thickness of cup material, 
scaling the rotor geometry linearly will retain constant K ,and a 
s 
pair of anemometers so scaled and exposed at the same height will 
respond identically to a fluctuating wind. 
There remains, however, the dependence of K on e and V 
s 0 
according to (6.3) , and of the percentage overestimation on ~ V/V 
o 
at fixed K as evidenced by Deacon 2 s observations in Fig. 48 • 
s 
Height-dependence of e ~ V/V or V ,will therefore cause the 
o 0 
overestimation to vary with height, and entail an error in determination 
of velocity gradients. 
Takeuchi (141) has re-analysed a considerable body of data 
obtained during the "Great Plains Turbulence Project" at Nebraska 
(Lettau and Davidson (142) ). In his Fig. 2 , he shows that, at 
least in neutral conditions, the ratio v'/~ (in our usual notation) 
has little height-dependence. It is reasonable to assume similarity 
between the height distributions of v'/u , ut/u , and, reverting to 
Deacon's notation ~ V/V and ~. 
o 0 
We therefore assume that the most important contribution to 
a height variation of K is with V 
s 0 
We can examine this, taking 
for example, the velocity profile of Obs. 340 in Table 4 , at our 
- 145 -
maximum roughness fetch. Since our large rotor is identical with 
that used by Deacon, we take his value of K = 0.031V e , and assume 
s 0 
that 100. t:. V/V = 50% to enable us to refer to his measurements in 
0 
Fig. 48 . We can thus determine the overestimation error at our 
various anemometer heights. In the following Table we take 
e = 5 sec. 
Height cm 5.5 10.0 19.5 24.0 36.0 112.5 220.0 297.0 
V cm/sec 211 265 304 
0 
320 355 427 453 462 
K 0.327 
s 
0.411 0.471 0.496 0.550 0.661 0.701 0.716 
Overest-
imation 6~% 5% 4i% 4% 3~% 21% 2!% 2~% 
Error 
True speed 198 252 290 308 343 415 441 450 
cm/sec 
In general, the decrease in error with height is such as to 
displace the profile to higher speed, without seriously affecting the 
gradient. In our example, all velocities are overestimated by 
about 12 cm/sec , so that the form of our profile is unaffected by 
normalisation to the 220 cm level. 
A lower value of ewould tend to reduce the variation of error 
with height, particularly near the surface, since the overestimation 
becomes constant at small K 
s 
this effect would increase. 
However, the absolute error due to 
If as is probable, the value of e 
- 146 -
diminishes as the surface is approached, the height-variation of the 
error would be accentuated. 
We conclude that there may remain an unavoidable error of 
3-5% in the absolute measurement of mean velocity using cup anemometers 
at the lowest levels. but that its effect on velocity differences is 
not serious provided the height range is not too great. 
other Instruments. 
other instruments used in our experimental work. primarily 
to monitor general operating conditions are a recording wind vane. 
temperature profile mast. and net radiometer, each of which will be 
described briefly • 
In the absence of a convenient recording wind vane. we 
constructed one specifically for short term recording. The vane 
aspect ratio. and arm length are as recommended in the Handbook of 
Meteorological Instruments (143). Orientation of the vane is 
* measured by a potentiometer, which was hand wound from minalpha wire 
on an annular perspex former, the simple circuit used being shown in 
Fig. 43 • Since we are concerned only to monitor the wind direction 
* Johnson Matthey Ltd. 
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over a relatively narrow angle, and only during runs, the reference 
direction o f the vane is set along the runway, with the potentiometer 
at its mid-point. 
the range used. 
Non-linearity of the circuit is negligible over 
Provision is made to clamp the vane in this 
position, and at ~ 900 to it for calibration purposes. The 
resistor r, is adjusted for convenient deflection of t h e recorder pen, 
and the push-button switch S pressed momentarily provides a reference 
mark on the chart. The vane responds to a wind of about 1 mls • 
The temperature profile mast was that used in the advection 
study by Rider, Philip and Bradley (92) • Only dry bulb temperatures 
were of interest, and these were recorded on a Kipp and Zonen 
Micrograph recorder. The top (150 cm) level, being that subject to 
the s mallest range of fluctuations, was the reference level with which 
all others were compared, to obtain the gradient. The thermo-couple 
sensors were slugged to a response time of about 10 seconds, and 
aspirated at about 4 mlsec through the hollow mast, using a vacuum 
cleaner. The mean temperature at the 150 cm level, was measured 
from time to time with a mercury in glass thermometer. This 
equipment was used as a monitor to ensure that conditions were near 
neutral, rather than to determine gradients for the analysis. 
The net radiometer and ground heat flux plates were of the 
type described by Funk (144), and were used to estimate stability 
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conditions before the temperature gradient equipment was available. 
Their output was recorded on an Elliot 6 - point recorder. 

o 2 
SC.ALE INCHES 
Fig. 32. Diagram of One Arm of 36 inch Diameter Drag Plate. 
Refer to Description in Text for Key to Numbers. 
Fig. 33. Drag plate Installed in Short-cropped Turf. 
~ig. 34. D~ag Plate Installed in Short-cropped Turf 
Showing Operation of Draught-proof Cover. 
Fig . 35 . 
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APPENDIX 
Surface Shearing Stress Measurements Downwind of the 
Roughness Transition from Vertical Wires to Tarmac. 
Surface Shearing Stress Measurements Downwind of the 
Roughness Transition from Tarmac to Vertical Wires. 
Drag Plate Measurements as a Function of Number of 
Vertical Spikes on Sample Surface. 
Observations of Velocity Profile Development Downwind 
of the Surface Transition from Tarmac to Vertical Spikes. 
Observations of Velocity Profile s Development Downwind 
of the Surface Transition from Vertical Spikes to Tarmac. 
Observations of Velocity Profile DevelopmentDownwind of the 
Surface Transition from Grass to Tarmac . 
Velocity Profiles at Various Positions across the Width 
of an Airstrip . 
Observations of Velocity Profiles at Various Distances 
Downwind of a Belt of Obstacles. 
Measurements of Drag Coefficient over Diurnal Stability 
Cycle. 
Tab l e 1. Surface S h earing Stress ,"ie'lsurem,nts J). ,;!1!/in d of the RouJhness T r8. n s i ti o n f r om Ve rtical 
Wires to Tarma c. (z == 0.25 cm to z == 0.002 cm) 
o 0 
Site A. (Figs. 12, 15, and 17). ""t
2
= (;C ' "t1 = 3.1 TA (from Figs. 16a and 16b.) 
Obs.No. D2.te Time Fetch 
m 
u l00 c"fl/ sec ., dyn/cm 
2 ~ deg. TA/ ll! g/ cm 3 I 2!G ~/ll~ g/cr:t3 
~, L\ HC DPA DPC DPA DPC X 106 X 106 
1 14/2/63 1000 NT ~{' 7<' -X' ;f * * 0.42 0.57 178 183 *7:' *')1- 0.133 *':HH~ 
2 " 1045 NT 569 575 0.58 0.62 179 184 1. 80 0.3 <15 1.88 
3 
" 1055 NT 585 q72 0.61 0.62 195 191 1.78 0.327 1. 90 
4 
" 1105 NT 424 426 0,33 0,38 177 180 1.84 0.371 2.09 
5 
" 1130 0.21 510 496 0.48 0.13 179 169 1. 85 0.123 0.73 
6 
" 1140 0,31 523 505 0,56 0,24 177 171 2.05 0.139 0,94 
1 
" 1240 0,21 441 453 0,38 0.15 150 150 1. 95 0.126 0.73 
8 
" 1250 0.31 385 375 0.21 0.13 166 157 1.82 0.155 0.93 
9 " 1300 0,51 361 361 0,21 0.13 167 172 1,62 0.200 1.00 
10 
" 1405 2.21 342 351 0.25 0.21 158 156 2.14 0.211 1. 70 
11 
" 1115 3.21 420 412 0.31 0,30 160 158 1. 76 0.313 1.77 
12 
" 1425 4.11 321 325 0.25 0.23 151 143 2.42 0.297 2.18 . 
13 
" 1500 6.21 357 346 0.26 0.27 175 163 2.04 0.332 2.26 
14 
" 1G20 4.21 339 333 0.24 0.20 171 165 2.09 0.268 1.82 
15 
" 1530 3.21 298 303 0.23 0.21 155 150 2.59 0.203 2.29 
T<!.b.Ic .I. ( c on t.cl . ) 
2 ~/u! g / cm 3 T'2/U~ r;/ Co. 3 Obs.No . D,te T~-:1 c Fetch u1OOcm/:- e c I dyn/ cm o deg . '12/1'i 
m 
X 106 X 106 ~1A. ?I C DPA DPC DPA DrC 
16 14/2/63 1540 2. 21 3 06 3 00 0.21 0. 16 166 166 2.24 0.245 1. 77 
17 11 155 0 1. 21 27 7 285 0.17 0.14 157 156 2.21 0.265 1, 72 
13 " 1610 0.71 230 294 0.17 0.10 150 1 4 2 2.17 0.190 1.16 
19 11 1620 0. 21 243 245 0.13 0. C6 141 136 2 . 2 0 0.1 48 1. 00 
20 II 1630 NT 266 270 0.17 0 .17 1 41 1 <15 2 . 4. 0 0 . 31 0 2 . 33 
222 2.5 / 8/64 1145 NT 65 7 614 0.90 0.81 166 166 2.09 0.308 2 .14 
223 11 1155 NT 677 633 0.91 0 .84 165 163 1. 99 0.327 2.1 0 
224 
" 1315 NT 670 663 0.91 0.94 168 1 63 2 . 03 0.333 2.03 
225 " 1325 0.12 64 0 662 0.85 0. 39 168 156 2.07 0.1 48 0.89 
226 
" 1 4 00 0.12 634 618 0. 85 0.37 163 153 2.11 0.1 4 0 0 . 88 
227 " 1 410 0.12 689 678 0.93 0. 4 1 165 1 6 0 1 .9 6 0.1 42 0.89 
228 
" 142 0 2.10 666 655 0.87 0. 69 162 1513 1. 98 0.256 1. 61 
229 II 1140 2.10 658 655 0.88 0. 69 157 153 2.03 0. 253 1. 61 
230 
" 
l4.:: 0 . 2 .10 632 631 0.83 0. 6 0 157 153 2. 08 0. 233 1. 5 1 
231 
" 1500 4.00 74 6 732 1. 05 0. 90 1137 159 1.88 0. 27 7 1. 63 
232 II 1515 4.00 688 7 21 1. 01 0.97 15 6 158 2.13 0.312 1. 8 7 
233 
" 1525 6.10 67 2 675 0. 94 0,83 1 62 1 61 2.08 0.284 1.82 
e 1. Ccon-tCl. ) 
U100 ern/ Jo e 
I t:yu/ cm 2 <> ,'.eg . -" I 2 I 3 '1'2 / '11 1'2/"~ g/ c 3 Ob3.No . fute TiL~e Feteh IA u A e; I 
rn ~H. MC DPA DPC DPA DPC X 10
6 X 106 
23~1 2S/G!G4 1535 6.10 754 7C8 1.17 1. 09 165 164 2. 06 0.300 1.85 
235 tI 1550 6.10 680 688 O. '9 2 0.91 176 173 1. 99 0.305 1.9 
233 11 1600 8 . 30 832 811 1.37 1. 32 169 163 1. 98 0.311 2.00 
237 " 1610 8.30 738 'l33 1.11 1. 12 171 
l 'f O 2.04 0.326 2.00 
238 II 1626 10.20 810 8:)5 1.36 1. 30 165 164 2.07 0,303 2.00 
239 II 1636 10.20 779 763 1. 28 1. 20 166 163 2.11 0.303 2.06 
240 \I 1653 12.20 846 803 1.41 1. 34 169 170 1.97 0.307 2.08 
241 " 1925 12.20 658 664 0. 87 0.88 176 I'll 2.01 
0. 326 2.00 
242 " 1935 12.20 666 651 0. 9 1 0.86 174 175 2.05 
0.305 2.03 
243 II 2000 10.20 581 586 0.71 0.63 165 170 2.10 0. 286 1.95 
244 11 2010 10.20 586 580 0. 68 0,67 170 169 1.98 0.317 2.00 
245 11 2025 8,30 624 598 0 , 76 0.71 173 170 1. 95 0.302 1,99 
246 11 2035 8.30 650 682 0. 84 0. 89 177 171 1. 98 0.341 1.91 
247 " 204.5 8.30 661 667 0 .. 86 0,82 176 173 1. 97 
0.307 1.84 
2<18 AI 2057 6.10 615 646 0 .. 7 6 0.78 177 175 2.01 0.330 1.87 
249 " 211 0 6.10 624 633 0.18 0. 78 H7 176 2. 00 
0.310 1.94 
25 0 " 2120 4.00 532 55 0 0, 59 0.54 178 177 2.09 
0.295 1. 79 
To.ble 1. ( co!ltd. ) 
Ob:.3. No . I.:J..te Tiwe r etch u100e'1/ ne r:. T dft/CLl 
2 {) ueg . ~/1I! g/ C,l 3 T2/~ "\/u~ g/ c 3 
m 
X 106 X 106 \IA HC DPA DPC DPA DPC 
251 25/8/64 2130 4.00 566 553 0..66 0.56 179 176 2.06 0.274 1.83 
252 II 2145 4.00 446 467 0.41 0.40 183 179 2.06 0.314 1. 83 
253 II 2200 2.10 481 520 0. 47 0. 43 186 187 2.03 0.284 1.59 
254 " 2242 2.10 555 5e2 0.51 0. 53 166 161 1. 98 0.280 1. 68 
255 II 2252 2.10 568 532 0.63 0. 4:3 l 'r O 169 1. 95 0.246 1. 70 
256 " 23 02 0.98 615 590 0'.16 0. 53 IG7 161 2.01 0.225 1. 52 
257 " 2315 0.98 460 505 0. 45 0. 35 170 164 2.04 0.252 1.37 
258 II 2325 0.12 559 590 Or 66 0.32 170 158 2.11 0.156 0.92 
259 II 2335 0.12 62 0 605 0.80 0.32 174 156 2.08 0.129 0.87 
260 26/ 8/64 0010 NT 453 450 0. 42 0.41 168 160 2.05 0.315 2.02 
261 
" 0020 NT 478 471 0. 47 0. 45 168 162 2.06 0.310 2.03 
Table 2 . Surf-.lce Shearing Stress illeasurements 001 'n:llnd of the Roughness Transition from Tarmac 
to Vertical Wires. (z = 0.002 em to z = 0 . 25 em) 
o 0 
Site A . (Figs. 12, 15, 16a and 16b.) 1:'1 = 1:c ' 1:;2= "tA . NT indicates no transition . 
Obs . No . futc Time Fetch u200 c m/sec ~ dyn/cm 2 e cleg. "c/l 1 ~ g/ cm 3 ~/~ \/u! g/cm3 m 
MA I\IC DP~\ DPC DPA DPC X 106 X 106 
20 14/2/63 1630 NT 277 281 0.17 0.17 141 145 2.15 1. 00 2.22 
21 11 1710 0.30 196 196 0.57 0.09 160 163 2.34 6.35 1'1.80 
22 11 1720 0.30 294 301 1.10' 0.17 164 164 1.88 6.50 12.70 
23 11 1730 2. 13 300 297 0.57 0.18 11-9 146 2.04 3.15 6.35 
24 
" 1745 2.13 272 272 0.47 0.16 149 148 g.16 2.95 6.35 
25 
" 1755 3.96 319 328 0.68 0.23 176 170 2.14 2.95 6.69 
26 
" 1805 3.96 285 291 0.56 0.18 166 165 2.12 3.10 6.90 
27 
" 1825 5.79 298 304 0.63 0.19 182 181 2.06 3.32 7.10 
28 
" 1835 5 . 79 292 298 0.60 0.18 181 176 2.03 3.33 7.03 
29 
" 1845 7,62 .*** 304 0,58 0,18 180 176 1. 95 3.22 *-1(-)( .. )E-
30 
" 1900 7.62 300 304 0,57 0,19 174 171 2,05 3,00 6.34 
31 II 1910 9.45 272 276 0.54 0.17 181 181 2.23 3.17 7.30 ' 
32 
" 1920 9. '15 387 391 0.97 0.31 173 170 2.03 3.15 6. 49 
Table 2. (c antu.) 
'1 = 7~ 12= Ie 
usoo cm/ 3e c T d:l/ C l 
2 {) clog, ,../ / 2 / 3 ~/~ ~/u~ g/ CE! 3 Dbs.No . Dil.tc Ti.:;.c Fetch 'A Hi\. g cm iii 
lIL\ MC DPA DPC DPA DPC X 106 X 106 
33 26/2/63 1315 NT 760 750 1. 07 1.1 2 338 333 1.85 1.05 1. 09 
34 
" 1325 NT 760 761 1.13 1.17 333 338 1. 95 1.03 2.02 
35 
" 1340 NT ,HH~ 751 
**** 1. 06 ?,,~ .. )E- 330 -x-..:(-** *.,Hf* 1. 88 
36 " 1500 NT 631 667 0.78 0.89 323 333 1.96 1.14 2.00 
37 
" 1510 NT 666 683 0. 90 0. 0 () 333 338 2.03 1.00 1.34 
38 
" 1520 NT 647 666 0. 84 0.84 336 334 2.00 1.00 1. ~ O 
39 II 1640 0.32 667 667 0. 79 4 . 05 34 2 34.0 1.78 5 .12 9.10 
40 
" 165 0 0.32 591 597 0.69 3. 68 344 341 1.97 5.33 10.30 
41 
" 1800 0.32 526 526 0,55 3,14 346 340 1.99 5.71 11.3 
42 " 1810 1.08 463 490 0.43 1,63 348 345 2.00 3,80 6.79 
43 
" 1820 2.16 39 7 400 0.34 1. 04 348 346 2.16 3.05 6 . 50 
44 27/2/63 1030 0,32 *** 353 ***,'f 1. 39 ';H<* 344 ':'**')f ')HHf* 11.20 
45 
" 1040 1.08 *-x-* 325 ***~f- O. '(2 *-;f·;E- 350 *.,**~'} *,1('** 6.80 
46 
" 1050 1.08 **')E- 414 **** 1.13 **')E- 354 **** *·l}·** 6. 60 
47 
" 1315 0.32 470 474 0.35 2,35 002 .~56 1.58 6.80 10. 49 
48 II 1325 1. 08 5G5 525 0,53 1,72 001 000 1.66 3.27 6.24 
Table 2. (C O'l £, l. ) 
JjSCC '/ 'J l / "lil :.-: .0 cl)[,;. ~J / 2 / 3 
--r;/1"i rr;/U~ g/ 3 
Ou";.1·;0 , D--..t.,e Tile Fetch 11 2 (;0 J .. l;t,} A .1.. u u 
~~\. ~!C DPA n:::c DP \ DPC X 106 X 106 
·!9 27/2/63 1335 2. !6 5'{9 603 0.64 2.07 330 3313 1.91 3.24 5,60 
50 " 1510 0.32 ~--~:.~~ 610 ..;(. :~-~ * 4 . 50 ~:·-iH'(- 3'10 ~~-:f~}-* ~!. 7{- .~,. * 12,10 
51 
" 1.:520 1. 03 .;:--::-.~- 660 ,,-;C:-lt 3, 20 -x--;:-;} 34e! ~H~'-:H+ ";~'1:--;:'~C 7.15 
52 
" 1530 2.16 -;;-*-;,:. 570 -;~·";\~·:~-;f "2 ,30 1'":-~~--;E- 3,16 ~. -~- .~~.-)~ ~~~:.-~:* 6 . 86 
53 
" 1550 3 . 97 608 631 0 . 72 2.76 3.:51 319 1. 95 3.83 6.85 
54 
" 1600 5. 8 0 604 605 0.73 2 . 41 350 3 :3 2 . 00 3 . 32 6.50 
55 " 1610 7.63 592 5'f8 0. 65 2.00 351 3,~f) 1.35 3.10 5 . 99 5 6 
" 163 0 9 . 46 592 607 0.75 2 , <leI 353 352 2,14 3.24 6,55 
57 
" 1640 1l . 29 569 535 0.71 2.00 356 355 2.10 2. D2 6.10 58 
" 1650 11.29 474 500 0.49 1. 62 350 318 2,18 3.30 6,2 59 /I 1710 7.63 48 0 483 0.48 1.13 345 3 ,12 2.08 3 . 01 6 .13 60 " 172 0 5.80 401 513 0.49 1. 53 J15 312 2.03 3.25 6.00 
61 
" 1730 3.97 541 525 0,57 1.88 343 342 1. 95 3 . 30 6.81 
62 
" 1755 2. 16 625 610 0.82 2 . 34 3·17 344 2 . 10 2.87 6 . 29 
63 " 1805 1.08 591 59 1 0.71 2,51 3'~5 344 2.03 3.55 7.18 
64 " 1815 0, 32 50 0 605 0.70 4.15 3'18 344 2,01 5 . 93 11 . 32 
65 
" 2100 0,32 <17 6 480 0.45 2.60 347 3,15 l. 08 5.80 11. 3 0 
( co:tH. ) 
2 
-- / 2 / 3 'S/l\~ g/ :u 3 Ob::;.No, E'..tc T..i. l"r c Fetch u 200cl/ SCC T dyn/ cl.l .0 dog . l ug c. 12(r1 A A m 
1.I.A ~.!C DPA DPC DPA DPC X 106 X 10 
66 27/ 2/ G3 2110 1, 03 4G6 507 0, 46 1.82 3 4.8 344 2,12 3,95 7 ,07 
67 
" 
2120 2,16 .1.18 0 5q2 0,49 1. 1)3 348 348 2,12 3.32 5,98 
68 
" 22C5 3,97 465 459 0 , 43 1. , 33 3 "-19 3<18 1. 99 3,10 6,30 
69 " 2215 5,nO 533 507 0.53 1 , 59 347 315 1. 8 7 3.00 6,19 
70 " 2"~5 7,63 542 530 0 , 54 l , G5 314 343 1.84 3,05 5,87 
'11 II 225 0 7,63 5 14 505 0 , 54 1. 48 341 341 2.04 3,25 5,80 
72 " 2300 7,63 417 415 0,36 0,98 338 335 2.07 2 . 89 5,70 
73 II 2310 9,46 365 370 0.26 0,74 338 331 1,95 2,70 5 , 40 
74 
" 2340 9,46 366 376 0,26 0,38 3<14 3<14 1,04 3,40 6,22 
75 II 2350 11. 29 370 375 0 , 27 0 , 81 338 338 1.07 3 . 00 5,75 
28/ 2/ 63 ( 76 0000 11~29 334 340 0 , 24 0 , 68 338 338 2. J.5 2,83 5,89 
77 
" 0030 11,29 350 333 0.23 0.69 335 331 1. 88 3 , 00 6.04 
78 II 0040 11 . 29 316 319 0 , 2 0 0. 61 325 313 2,00 3 , 05 5.99 
79 II Ol35 n . 29 *~}.;" 365 ~··x·** 0 . 8 1 *-lC-* 324 7;'* ·;~-* 7t**-lf 6 . 08 
80 II 07 4.5 11 . 29 -x-** 355 *-x-** 0 . 76 ,~** 32 1 ~}* -::-~~ .,( •. x- -x--:.f 6 . 02 
81 II 0300 n . 29 7~*-* 4 05 -x.,*.~-* 0,98 *.* -x- 327 '~*-)Ht '::'*-lC'* 5.93 
82 
" 0900 11,29 *.~* 460 , .. *-lC.* 1. 30 ~H:-* 324 '**,1-7t ***-1(- 6.14 
83 II 001 0 7.63 *'*7~ 425 -),< -*:t* 1. 05 .x-*->* 349 -x··:(·x-·;(- ~-'~'*1f- 5.80 
Tao:le 2. ( co.oobd. ) 
Ob:J . N o, E1..te 'l'.~ ~ Fetell U 20 C["/.JCC ,- dY'1 / cm
2 
f.] 
I,L\' 1,lC J)PA Dl'C 
8 ,1 28 / 2/ 63 0"2 7 . 63 **,. 460 ><*.~.;~ 1, 3 '1 
85 II 'J,! - 7.63 ~HHl- 52 'H~*·* 1.71 
86 II 0('00 7.63 ,HH:- 5 85 ~.*** 2 .21 
87 II !Ot;D 5.30 *** 580 ,:-·:a·~ 2. 07 
88 II 1 }'.,s 5, 8 0 ·;t,,·* 64 ,~*.~: ;. 2 . 49 
89 II l O~ ' 3.97 714 684 0,87 3,0 
90 
" ll0 2.16 671 7 C" 1,04 3, 05 
9 1 II ll 3 2.16 641 64 7 0.75 2.64 
92 II 1135 1. 08 694 630 0. 8 2 2.89 
93 " 11 15 1.08 6G8 645 0.75 2.76 
94 II 120:.) 0.32 'll4 731 0.85 4.71 
95 II 1<)1 5 0.32 642 660 0.71 4. 89 
96 II 1 820 1. 08 682 73 11 0. 8 2 3, 4 0 
97 II 131 0 0,32 798 83 1.06 6 . 26 
98 II 1 ~ 8 1) 0.32 818 825 1.236.03 
99 II 1,13 0 1. 08 '{37 759 0,84 3.80 
100 II 135 0 1. 08 781 790 1.11 3 . 90 
1 Cl " 1 '00 1. 08 74 795 1. 08 3.91 
B dcg . 
DPA DPC 
'H:.-;;' 333 
·:H~* 348 
>< .. :~-;;. 3 d 1 
,H'* 33 
*.):.,~ 338 
338 334 
336 33 6 
336 338 
338 338 
333 334 
333 334 
332 337 
332 334 
337 338 
337 338 
338 338 
338 33 
337 336 
A/Ui~ g / CLl3 ~('2/\ 
X 106 
'~~'1H( ·;:-~*1{- -~· 
-l(-'H;'·:} ~H:-~-* 
';'.~ E- *-:~ '::-':}* ')E-
'~':f '~.~E- ·::· ·:HH~ 
~{"x-~~t- ~·-x--~c* 
1. 90 3.11 
2,31 2.93 
1.83 3.52 
1.71 3.53 
1. 68 3.68 
1. 67 5.51 
1. 73 6.89 
1. 76 4.14 
1. 67 5 . 90 
1. 84 .90 
1. 74 4.04 
1.32 3 . 52 
1. 8 0 3.62 
<:: 3 
·T:./uC g / C'rl 
X 106 
6.22 
6.20 
6. 45 
5.95 
5. 9 0 
6. 27 
6.14 
6.30 
7.27 
6, 65 
8. 8 2 
11. 4 1 
6.30 
8 , 9 
9.01 
6 . 60 
6. 25 
6.19 
TabLe 2. (contd . ) 
11200C1I/SCC dyn/ cw 
2 2 3 
'12/'1 '12/u~ f!, / cm 3 Obs.No. fute J..' ~ ;...C Fetcll o dcg . --r:/UA g / em 
m 
HA !lie DPA DPC DPA DPC X 106 X 106 
102 28/ 2/63 PI O 2.16 810 8 '10 1.35 4.32 340 332 2.05 3.20 6.12 
103 " l 'l:' 0 2.16 767 737 1.03 3. 44 335 335 1.84 3.19 6.3 
104 " 1·:': 0 3.97 '[63 '[32 1.12 3.37 337 337 1.92 3 .01 6.29 
105 " 115 0 3,97 680 719 0.94 3 .41 344 34·2 2.03 3. 62 6,59 
106 . " 1..>10 5.80 717 717 0.97 3.11 337 338 1. 89 3, 20 6.0 
107 " 1520 5.80 780 789 1.19 3.61 337 334 1. 96 3.04 5,80 
108 
" 
153 0 7.63 716 '{57 0.98 3.79 339 339 1. 91 3. 86 6.61 
109 " 1..-50 7.63 791 789 1. 32 3,89 339 334 2.10 2.95 6.24 
no 11 HOO 9. 46 794 830 1. 21 4 . 21 339 338 1. 92 3. 48 6.10 
III " 1610 9. 46 776 822 1.13 4,04 336 338 1.88 3.57 5.99 
112 " 1630 n.29 807 854 1. 31 4.18 338 338 2.00 3.19 5.73 
113 " IG~O 11. 29 716 780 1.11 3. 84 338 338 2,04 3.37 6.31 
114 11 1720 11.29 718 710 1.00 3.20 333 335 1.94 3,20 6.34 
115 11 1730 11.29 723 739 1. 03 3.31 339 331 1. 97 3.21 6.06 
116 1/3/63 C ",1 0 11. 2D 736 742 1. 04 3,33 343 336 1.92 3,20 6.0 
117 " 0950 11. 29 714 66'{ 0,86 2.73 335 336 1. 69 3.17 6.13 
118 " 1000 11.29 661 623 0.70 2 . 44 336 344 1. 60 3, -18 6,28 
T . ..,. b~e 2 . 
- .1. 
U220C I/ "'C C , ..... uyn/ cm 
2 
.() clcg . "cIt! ~ r;1 CD 3 '12 /--(1 'I I 2 I 3 OU:3 . No. D2,~e T-i J.l(~ Fetch 2 u A g C 
m X 106 X 10
6 
~.:A MC DPA DPC DPA DPC 
262 26/ 8/64 O::JOO 24. 8 0 427 375 1. 00 0.25 
176 184 1. 78 4.00 5.50 
2133 II 0') ! 24.80 380 363 0. 90 0.24 188 186 1. 3 2 
3.75 6.23 
264 II 09()'l 24 .80 392 397 0. 91 0.27 119 
176 1.71 3.37 5.92 
35 11 1007 24.80 410 103 0.93 0.28 182 
1'14 1. 73 3.50 5.84 
2G 6 " 1023 24.80 347 347 
0.78 0.21 179 181 1. 75 3.71 6. 49 
2(37 11 2,,,15 24.80 336 335 0.74 0. 20 176 176 1.78 3.70 
6.56 
268 11 10 ') 24.80 364 390 0. 83 0.26 170 172 1.71 3.19 
6.27 
269 II lU5 20.50 325 359 0.68 0.21 159 166 1. 63 
3.19 6.44 
270 11 1125 20.50 332 369 0.69 0.23 160 165 1. 69 
3.00 6. 26 
271 II ll:35 20.50 354 350 0.77 0.21 170 170 1.71 
3.66 6 .15 
272 II 1310 20 . 50 358 324 0. 84 0.19 160 152 1.81 
4.40 6.50 
273 11 1;)30 20.50 370 363 0.86 0.23 163 154 1. 75 3.74 
6 . v 
274 " 1400 20.50 312 290 0.62 0.15 
166 170 1. 79 4.13 6 . 40 
275 II 1425 20.50 335 350 0.69 0.21 171 170 1.71 
3.28 6.15 
27G " 1483 18. 42 300 340 0.55 
0.19 167 169 1. 65 2.9 0 6.10 
27 7 11 1500 18.42 239 267 0.36 0.12 164 165 1. 68 
3.00 6.30 
278 11 IS1 0 18 . 4.2 230 303 0.33 0.15 163 170 1. 64 2.20 6.21 
1I220 CIlI/ SCC r clyn/cm 
2 o deg . "c/U~ g / cm 3 --r;/~ ~/U! g / cm3 OUtj .. lIo . D-...te 'ri 'I e Fetch 
m 
lIL\' ~l C DPA DPC DPA DPC X 106 X 106 
27!J 25/8/64 IGI5 18 . 42 282 304 0.54 0. 16 106 098 1. 73 3.31 6,80 
28 0 \I I f .5 18.42 23 0 23!J 0,37 0,10 III 083 1. 75 3,70 7, 00 
8 1 2'{ / 3/ G4 1025 18,42 525 4-B!J 1. 68 0,40 167 173 1. 67 4 ,20 6.10 
282 \I IG35 18,42 506 538 1. 64 0,55 157 158 1. 90 2.98 6 . 40 
233 \I 10,(5 18, 42 426 434 1. 02 0,35 175 170 1. 86 2.92 5,63 
284 \I 1 ~_O O 18. tl2 560 582 2 . 05 0,64 157 151 1.89 3,20 6,53 
28 5 \I 1110 16,42 511 531 1. 67 0,55 162 157 1. 95 3,04 6,40 
286 \I 11.2 0 16.42 565 575 2,09 0.67 168 164 2,03 3.12 6.55 
287 \I 1135 16.42 537 584 1. 85 0.66 162 163 1. 93 2.81 6.40 
288 
" 11 -15 16. 42 547 560 1. 74 0,63 163 159 2.01 2 . 95 5.80 
289 " 1155 14, 42 524 549 1. 74 0.59 174 167 1. 96 2 . 95 6,32 
20 0 11 1210 14. 42 557 570 2 . 03 0. 67 165 163 2,06 3.03 6,53 
2Dl 
" 1~,2 0 14, 42 555 565 2.04 0.65 151 152 2.03 3,14 6.62 
2(l2 11 1230 14 . 42 621 630 2,30' 0.79 153 146 1. 99 2,91 5.96 
203 11 12''15 14,42 595 604 2.20 0.76 153 151 2,08 2.90 6.24 
291 11 1255 14.42 538 564 1. 83 0. 63 153 153 1.98 2.91 6.34 
205 11 1305 12,42 566 581 1. 83 0,71 148 147 2,1 0 2.58 5,72 
296 11 1415 12 . 42 670 656 2,66 0,84 154 151 1. 95 3.16 5 . 92 
U<)() O CIll/ SCC 'I dyn/ cm 2 G dcg. ~/u~ g/ Cr.l 3 ~/'fi t;/u! g/ cm 3 ~ba . N o. DL'.tc '1' .: !C Fetch ... ... 
ID 
1.lA HC DPA DPC DPA DPC X 106 X 106 
297 2 7 /8/04 U~5 12.42 6.j,1 654 2,57 0.85 159 158 1 (H' • ...J 3.02 6,2 
298 II 1 '35 10.42 745 730 3.08 1. 01 144 139 1. 9 0 3,05 5 . 5 
290 II 1 ~,~5 10, 42 573 594 2. 4 0 0.71 14 0 135 2 .01 3, 38 7.30 
300 II 1 '55 10, 42 701 69 2 2.92 0.93 145 14 3 1. 94 3,14 5,94 
301 II 1505 10, 42 6 63 658 2,50 0 , 81 1:35 12 7 1. 8 7 3,09 5,60 
3 02 II 1520 8,42 578 560 1. 93 0,58 131 1 2 6 1. 85 3 . 33 5,77 
303 II 1530 8. 42 5 45 551 1. 76 0.55 130 125 1. 8 1 3.20 5.92 
304 II 1510 6,42 5 45 555 2,04 0,61 144 11 2 1.98 3.34 6,85 
305 II 1555 6, 42 537 515 1.86 0.51 13 7 133 1. 92 3.65 6.46 
3 06 II 1(3 05 6. 42 488 4·90 1.59 0. 4 7 139 139 1. 95 3.39 6, 67 
307 II 1015 4,32 478 4 65 1.52 0, 41 144 1 45 1. 89 3.70 6.65 
3 0~ II 1630 4.32 344 3 45 0.83 0,24 11 2 116 2 . 01 3. 46 7,02 
3C~ II IG40 2.32 375 4 05 0.9 1 0.33 153 15 6 2,01 2.80 6.45 
:'1 0 II 165 0 2.32 300 325 0.64 0.21 150 15 9 1. 99 3.05 7.11 
311 II 1'( 05 0.32 2 4 0 255 0,82 0.13 137 144 2.00 6.30 14 .20 
312 II 1'fl5 0,32 272 2 6 0 0, 99 0.12 145 141 1. 77 8.20 13.40 
313 II 1125 0,32 172 168 0.41 0 . 04 15 1 170 1. 42 10.00 13,80 
To. 
U 220 Clil / SC C 
,~ dyn/co 2 ~ deg . "'C/U ~ g / CD 3 '12/~ '12/U! g/cm3 Ob:J.No . fute Ti""c Fetcll 
t;) 
MA MC DPA DPC DPA DPC X 106 X 106 
314 27/ 8 / 64 1'l50 0.32 205 -**-It 0 . 58 0,08 134 130 1. 75 7,24 13,80 
315 " 1300 0,32 145 15 1 0 . 30 0 , 04 135 136 *-x-** 7. 5 0 14 .30 
316 " 181 0 1. 18 135 1 09 0.13 0,00 128 *** .~?*.x-.~ **** 7. 2 0 
31 7 
" 
1850 1.18 125 145 0.16 0.05 148 17 0 2.40 3. 2 0 10,20 
318 
" 
1900 2,32 199 205 0,28 0.09 145 150 2.14 3, 2 0 7.10 
31D " 191 0 2.32 207 239 0 . 31 0.12 145 160 2.10 2. 60 7.20 
320 " 1:)3 0 1.18 29 0 301 0.62 0.21 1 68 170 2.32 3.00 7. 4 0 
321 " 1940 1.18 230 225 0.37 0,11 138 1 44 2.17 3,40 7.00 
322 II 1950 0.32 123 120 0,17 0.04 170 170 2,74 4.30 11.30 
323 30/ 8 / 64 0905 0.32 328 352 1. 48 0.26 171 166 2.10 5 ,70 13. 8 0 
324 II 0915 0, 32 324 35 0 1. 49 0.25 175 1 65 2,04 5,9 0 14 ,90 
325 II 0025 1.18 373 39 7 1. 00 0,32 ' 186 173 2.03 3.40 7.20 
326 II 0940 1,18 409 41 8 1.10 0,33 18 1 180 1.,89 3.33 6.68 
"'0 '1 II 0\)50 2.32 395 383 0.95 0,2 7 183 174 1. 84 3, 52 6.09 
328 
" 
1000 2.32 347 355 0.75 0.24 180 187 1. 90 3 . 12 6.22 
329 II 1015 4 . 32 39 7 412 1.10 0.32 169 167 1. 89 3.44 7.00 
330 II 10:'.;") 4.32 397 42 0 1.05 0 .34 180 171 1.93 3.09 6,66 
. ) 
U 220Cl:l/ ,OC 'I dyn/ CLl 
2 2 3 1'2/1~1 T2/U~ G/ CC13 Oba.No . D~to Ti me Fetch o doe;. "c;/u c g/ e,l 
1L\ UC DPA DPC DPA DPC X 106 X 10 
331 20/3/6' ): 1035 6.42 432 <:66 1.19 0. 4 2 168 177 2,02 2.83 6 . 3 
332 " 1045 6,42 431 140 1.19 0.28 1 63 156 1. 96 3,14 6 . 4 0 
333 II 1055 10.42 L131 445 1.26 0.30 164 U~6 1. 07 3,23 6, 'Tf> 
334 II ll05 10.42 451 465 1. 27 0.42 172 162 1. 94 3.02 6 , 24 
335 II 1120 14.42 4C5 470 1. 25 0.42 166 159 1,90 2.98 5.77 
3:.'16 II 1130 14.42 445 45 0 1. 25 0.40 175 163 1. 98 3,12 6.30 
337 
" 1140 16 . 42 432 440 1.15 0,38 160 156 1.96 3,03 6.15 
338 
" 
1150 16.42 453 430 1. 27 0.47 179 167 2,04 2.70 6.18 
339 II 1200 16.42 478 475 1.40 0.44 153 154 1. 95 3.18 6.12 
3 110 " 1210 16. 42 453 48 0 1. 36 0 . 44 173 167 1. 91 3.09 6.61 
-E 
Table 3 . Dr'g PlaLe hleasuremrnts as a Function of Nu -brr of Vcrtic~l Spikes on Sample Surface. 
Site A. (Fi gs . 12, 15, and 28 ). Fetch con~tant at 11. 29 m 
"Sample " column indicates number of spikes and orientation. C=rows crosswind, D= downwind. 
u200cm/ se c L dyn/clU 
2 o deg . 't .. /u! g / cm 3 1:'2/Cl 'S/11~ g/cm 3 Obs.No. Do.to Time Sampl0 
X 106 6 11A ~I C DPA DPC DPA DPC X 10 
116 1/3/63 0940 29 C 736 742 1. 04 3,33 343 336 1,92 3. 2 0 6,05 
117 II 0050 29 C 714 667 0.86 2,73 335 336 1,69 3,17 6 .13 
118 11 1000 29 C 661 623 0.70 2,44 336 344 1.60 3.48 6,28 
119 11 1025 29 D 680 703 0 . 81 2,69 339 338 1. 74 3, ;36 5 . 
120 II 1035 29 D 708 718 0,91 2.86 3 '12 343 1.82 3,15 5.55 
121 11 1045 29 D 660 644 0,69 2,36 339 312 1. 59 3, 42 5,69 
122 
" 1110 23 C 624 631 0,59 2,10 341 342 1,51 3,56 5 C) ,w 
123 II 1120 23 C 629 678 0,67 2.36 343 341 1.10 3,53 5,14 
124 II 1130 23 C 691 718 0,75 2 .70 342 345 1,57 3,60 5.24 
125 
" 1150 23 D 597 592 0,60 1. GO 341 3 45 1. 68 2,82 4,82 
126 II 1200 23 D 675 694 0,80 2.14 344 339 1. 75 2,68 '1 , <1 
127 II 1230 18 C 612 613 0,56 1, 62 335 311 1.50 2,89 -1. 30 
128 11 1325 18 C 541 545 0. 48 1.29 340 344 1. 62 2,69 4,34 
~' 
\:>-. 
Ta.ble 3. (c onti.) 
U~OO("l/j'~C r lY_l/ eN 2 o ueg. 1::' /11 2 g/ en 3 't2ft'1 \/u~ g/cm3 OLs.No. D",te 'rime Sur.lple A .A 
1L\' )'I C DPA DPC DPA DPC X 106 X 106 
129 1/3/63 13 JO 1-1 C 586 602 0.54 1. 32 330 333 1.58 2.45 3.64 
130 
" 1350 14 C 651 614 0.74 1.47 332 332 1.75 1.09 3.54 
131 
" 1410 14 D 49 3 495 0.38 0.82 332 339 1.54 2.17 3.31 
132 
" 1420 14 D 589 592 0.70 1.12 345 344 2.02 1. 60 3,19 
133 
" 1435 6 C 540 508 0.48 0,60 338 311 1. 63 1,26 2.33 
. -- -
~ 
~ 
T a bl e '1. Ob~ervat i ons o f Ve loc ity Profil e Dcve l op~0nt Downwind of th e Surface Tran s ition 
:from Tarmac to Vertical Spikes. (z = 0.002 cm to z = 0.25 cm) 
o 0 
Site A. (Figs . 12, 15, and 18) 
26/8/64 , southerly wind . 
Obs. No. 262 263 264 265 266 267 268 269 270 271 272 
Time 0900 0947 0957 1007 1025 1035 1045 1115 1125 1135 1340 
Fetch m 24.80 24.80 24.80 24.80 24.80 2-1.80 24.80 20.50 20.50 20.50 20.50 
Large anemo . 
height em Velocities em/ sec 
297 434 389 397 416 353 342 368 338 333 353 360 
220 427 380 392 410 347 336 361 325 332 354 358 
150 **~:. *** 378 396 ~.-)(.* 324 353 314 324 **-)( 349 
112.5 396 353 363 385 316 311 33'{ 304 314 328 335 
84 387 341 350 370 304 300 326 292 300 316 324-
58 355 300 325 347 291 281 305 274 235 298 300 
36 328 292 295 316 259 25 '{ 280 251 257 270 275 
24 *** 267 272 290 244 237 255 226 235 250 250 
19.5 284 257 261 280 229 220 245 218 221 233 242 
Small o.nemo . 
height em 
45 332 310 315 330 230 267 293 267 272 270 300 
20 313 235 288 306 259 243 266 240 245 'X'-)('il- ':<-iHf-
19.5 285 255 256 268 236 214 236 215 218 234 243 
10 24'1 220 225 239 209 187 215 188 189 211 211 
5.5 132 168 122 129 149 140 157 153 153 159 157 
~ ~ 
T a b 'Ie 4 . ( contd . ) 
26/8/64, southerly wind . 
Obs . No . 273 274 275 27 6 277 278 
Time 1350 1400 1425 1435 1500 1510 
Fetch m 20.50 20.50 20 . 5 0 18. 42 18.42 18 .42 
Large a nemo . 
height cn Ve l ocities cm/ sec 
297 372 312 338 304 245 238 
220 370 312 335 300 239 230 
150 3 01 3 00 ~{-** 29 1 228 *** 
112.5 353 294 311 281 228 216 
84 31 0 281 303 273 216 212 
58 32 0 269 283 259 208 205 
36 289 241 251 231 185 182 
24 26 6 225 235 21 0 174 165 
19.5 25 4 21 0 22 0 201 164 157 
Small anem o. 
hei ght em 
45 307 249 295 240 195 203 
29 *** *** 272 *** *** 187 
19.5 215 198 224 195 155 151 
10 223 211 199 168 145 132 
5.5 157 126 14 6 127 1 05 99 
~ ~ 
TavIe -1. (c ontd . ) 
27/8/64 , southerly wind . 
Obs . No . 281 282 283 284 285 286 287 288 289 290 29 1 
Time 1025 1035 1045 1100 1110 1120 1135 11 45 1155 1210 1220 
Fetch m 18.42 18. 42 18.42 18.42 16 . 42 16. 42 16 . 42 16 . 42 14. 42 14.42 14.42 
La.rge anemo . 
height em Velocities em/ se c 
297 528 509 432 568 521 573 548 553 526 561 563 
220 525 506 426 56 0 511 565 537 547 524 557 555 
150 *-ri'* *~ . .y," -x-*--x. *** *** *.y,.* 522 535 511 546 538 
112.5 488 474 396 523 481 536 506 517 488 53 0 525 
84 47 0 452 379 505 472 516 485 494 47 6 512 505 
58 440 428 355 475 440 490 459 467 455 486 481 
36 405 389 330 436 406 447 420 42 6 414 442 438 
24 368 352 279 394 367 408 385 385 375 404 405 
19.5 352 34 0 28 0 376 351 378 358 363 358 377 372 
Sma.l 1 anem o. 
height em 
45 420 406 340 455 420 47Q 446 455 435 460 461 
29 386 371 314 409 380 428 403 411 399 421 417 
19.5 350 332 280 367 34 0 384 359 370 355 371 371 
10 303 287 247 315 296 331 315 318 300 324 320 
5.5 241 221 190 248 230 263 *** 251 241 251 248 
4 . ( contd .) 
27/8/64 , . southerly wind . 
Obs . No . 292 293 294 295 296 297 298 299 300 301 302 
Time 123 0 1245 1255 1305 141 5 1425 1 435 1445 1455 15 05 152 0 
Fetch m 14.42 14 . 4 2 14.42 12.42 12.42 12 . 4 2 10.42 10. 42 10.42 10.42 8 . 42 
Lo.rge anemo. 
lci.;ht em Velocities em/ se c 
297 629 605 548 577 68 0 649 7 61 581 715 681 585 
220 621 595 538 566 67 0 641 745 573 701 668 578 
150 60,1 575 520 557 65 1 626 714 555 678 645 555 
112.5 595 561 511 535 631 610 703 51:6 674 643 557 
84 560 537 487 514 610 587 675 525 648 61 6 538 
58 541 511 462 489 580 561 648 505 622 59 0 515 
36 4P8 46 0 421 444 53 0 508 588 457 56 0 536 470 
24 445 425 390 407 482 467 540 42 2 515 49 6 435 
19.5 414 395 362 38 0 455 43 6 500 386 475 452 393 
Sme.ll o.nem o. 
height em 
4i> 522 500 451 465 561 5 1:9 623 4 90 600 58 0 495 
29 473 447 403 4 11 507 488 5-.1 434 544 505 440 
19.5 41 3 403 3 64 374 447 43 6 503 393 48 0 469 400 
10 361 343 311 311 388 374 436 333 tn O 394 339 
5.5 279 274 245 25 0 298 295 331 259 319 305 255 
T£.ble -1. ( c"ntd . ) 
27/8/61, southerly wind . 
Ohs . No, ~03 304 305 306 307 308 309 310 311 312 313 Tir.Je 15. 0 154 0 1555 1605 1615 163 0 164 0 1650 1705 1715 1725 Petell L1 8, ·12 6,42 6,42 6.42 4,32 4 , 32 2,32 2,32 0,32 0,32 0,32 Le..q;;~ (!nem o. 
height en Velocities em/ se c 
297 ;:;58 558 5 48 497 4-83 348 382 308 247 279 177 
"0 5.6 545 537 488 478 344 375 300 24 0 272 172 150 585 530 516 4 73 465 335 366 291 235 262 170 112.5 ;535 527 514 4 71 46 0 335 360 288 23 2 260 16 84 515 515 506 458 45 2 328 355 283 225 254 164 53 ..:~!) 499 489 4<15 435 324 345 279 22 2 251 163 36 ~5 0 45 7 45 0 41 2 41 3 300 330 265 21 2 238 154 24 ,120 422 413 377 382 285 320 255 207 233 147 19.5 375 386 377 345 355 257 303 240 198 220 119 S_:e. l1 £'.1: a '1 0, 
'eight c 
45 '.8 0 501 484 438 428 320 344 *.,( .. ;t 225 25 0 160 2a "12 6 443 430 392 400 293 324 *** 204 230 148 19 ,5 335 402 389 351 355 -:X-** 303 **,~ 206 230 14 10 J".3 328 325 29 6 303 225 255 **lE- 187 206 128 5,5 .~53 256 246 225 220 160 ~t** *;~* 171 194 124 
"./Jle 'L ( c on tel. ) 
27/3/64 , southe rly viny . 
Obs . No . 31-1 315 316 31'l 318 319 320 321 32 
Time l'f50 1800 1810 1850 1900 1910 1930 1940 1950 
Fetch n 0 . 32 0.32 1.18 1.18 2.32 2.G2 l. 18 1.18 0,3 
Large o.nemo . 
height C!:l VJl c i tie s cD/ se c 
287 " "9 149 143 128 208 214 2f18 240 128 
22 0 205 145 135 125 199 207 290 230 123 
150 198 142 130 122 193 201 283 222 11 7 
112.5 103 143 1 41 122 190 198 278 222 11 
84 IDO 137 128 108 183 103 269 212 110 
58 I D2 141 133 119 181 191 265 211 110 
3G 179 127 125 113 174 18 0 251 196 105 
24 175 136 122 no 170 175 242 196 100 
19.5 170 125 118 107 164 166 23 7 185 99 
Small a.ner' v . 
height C::l 
45 101 14 0 128 113 106 194 262 212 106 
2~ 174 127 113 110 *-l<-* 176 246 19'1 100 
19.5 175 127 116 III 91 171 236 193 9 
10 -;f-;~ ;t *-x-* -)}** 103 73 115 216 175 93 
5.5 14 6 108 68 65 41 91 -X.,,+* *-x-* *.*.* 
TJ.ule 4 . ( colltd . ) 
,'J/8/64, southerly vim! . 
Obs, No . 323 324 325 326 327 328 329 330 331 332 333 
TiLle 00 r 5 0915 0925 0940 0950 1000 1015 1025 1035 1045 1055 
Fetcll ill 0.32 0.32 1.13 1.18 2.32 2.32 4.32 4 . 32 6 . 42 6 . 42 10. 42 
Ll •. rge r..nelilO. 
height .;;, Velocities clil/sec 
2J 7 3~1 330 383 413 400 350 393 393 ,11 0 436 434 
220 : .3 324 373 109 395 3·l:1 397 397 "13 2 <13 1 43 1 
I !):) 313 314 365 40 0 381 341 387 392 11,2 1 418 l'~1 
l' 2.5 3] 0 310 354 387 3"2 334 378 381 416 411 411 
8 1 2 18 304 350 381 366 328 370 3713 108 402 401 
~("') 
v''> ?8 9 299 336 367 355 320 361 365 398 395 383 
36 9..:.2 283 325 360 342 309 3<13 343 367 361 342 
24 276 276 310 345 325 292 317 317 336 335 313 
19.5 211 26 6 311 3'11 314 285 300 303 319 015 300 
S 1.1 1 nnclllo • 
. wight ~m 
4.5 2JO 291 333 364 350 316 359 357 382 237 369 
20 218 281 318 350 333 303 331 334 353 214 333 
1~.5 f fi •. uv 265 303 {{.".* 310 277 308 301 319 204 33:3 
10 2 . .>0 251 272 303 265 239 249 250 269 156 257 
5.5 2' -~ v 225 H)8 221 190 170 191 1 9~ 203 11 1 210 
Table 4. ( contd . ) 
30/8/64, southerly wind . 
Obs. No . 334 335 336 33 7 338 339 340 
Time 11 05 1120 1130 11 4 0 1150 1200 1210 
Fetch m 10 . 42 14.42 14 . 42 16. 42 16. 42 16. 42 16 . 4 2 
Large enemo. 
height em Vel c ities cm/ se c 
297 154 471 451 436 461 482 462 
, 
220 451 465 445 432 453 478 45 3 
15 0 139 45 0 434 422 441 465 440 
112.5 426 440 425 405 42 6 45 7 427 
84 418 425 406 394 414 441 415 
58 399 39 7 389 372 391 420 395 
36 35.'5 361 3 48 335 353 374 355 
24 334 336 325 307 324 348 320 
19.5 315 316 300 301 310 322 311 
Smo.ll anemo . 
height em 
45 332 385 382 355 378 399 38 0 
29 315 346 '342 314 337 358 34'" 
U1.5 330 323 309 284 324 328 304 
10 264 272 263 2 45 263 283 265 
5.5 206 211 211 211 211 211 211 
Table 5 . Ouservations of '/,>10 ity Pl'C'r'llG f'JVLlc.[1. -t rul~l\'llrld of t:lr> [,lv'f C·J T~ .:' 'ilion 
from VcrtiLa 1 ~~i~cs to Tarmac . (G = 0 . 25 C~ Lo ? = O.CJl c~) 
• 0 a 
Site A . (Figs . 12, 15, awl 1<J) 
25/8/G I , soUth6~ly ~ind . 
0' ") f l'ro . 2<2 223 :": t"'l ~ t 221j 2?r:1 <)"~ 2~7 <) !)f"I 229 230 231 f· ... 4 .... ) .c:. • . ,O 
Tice 11,,',5 1155 1315 1325 13<~5 l'v:) 1-110 l·ti~O 14·to 1', '> 0 1500 
Fetch 0 i'IT N'!' :H'i' 0,1'1 O,U 0.,2 O.!? 2,10 2.10 2,10 4,00 
Large aneno. 
height CD Velo ... i ties crJjso c 
2Q7 657 676 '{U 'l <tl 751 '{'>5 . '7 7°.j 736 70 11 820 
220 653 672 '/06 725 739 7lG 7~ 1 7l.1 7113 GgG 80 
116 633 652 68 0 71 }. 7~5 70J 7~~'l 706 'll 1 683 790 
150 633 658 684 700 711 63'1 713 69 0 68'1 667 776 
112.5 614 633 663 662 676 618 678 655 655 631 732 
84 607 625 655 645 657 631 65 6 6
'
0 GQ8 Gl? 115 
58 530 600 635 602 616 592 621 602 5<)5 5'13 375 
36 *'R;:' 
*** 
604 547 557 537 556 ~:.*.~,- 535 523 62 0 
24 550 570 *'H} ~~-·x··;';- 513 49 3 52 2 51 3 503 '193 59 0 
Small anemo. 
height C 
45 580 600 624 570 603 558 593 571 579 553 G3'! 
29 564 579 G05 533 518 520 5;11 530 529 515 GOa 
19 538 559 578 l18 0 500 ;130 402 488 199 <169 56:5 
10 500 514 53(3 116 42'1 109 127 ,t '9 451 110 530 
5.5 198 517 505 3GG 386 358 318 ,.. v 43·1 408 408 
Table 5 . ( ,;"n~-t .) 
Q3/S/64, southerly wind . 
Obs . No . 232 233 234 235 236 237 238 239 240 
Time 1.: . 5 1525 1535 1550 1600 161 0 1626 1636 165 3 
Fetch I:1 '1.00 6 . 10 6.10 6.10 8.30 8.30 10.20 10.20 12.20 
Large a.nem:) . 
heibht em V: locities cm/ se c 
297 311 747 853 765 900 82 1 900 84" 900 
220 191 732 836 752 890 805 882 832 87 7 
176 781 722 820 740 870 705 864 817 855 
150 765 707 81 0 725 856 775 846 800 840 
112.5 721 675 768 688 811 738 805 763 803 
84 703 658 750 670 790 718 786 74.6 783 
53 65 624 710 637 755 6G7 751 71 3 758 
36 GO l 577 G57 593 704 648 71 0 675 71 7 
24 635 560 635 572 685 62 6 691 655 700 
S ~o.. ll nne::!o. 
height Ci:l 
5 336 594 679 622 732 631 730 **.~ ·lHHf 
29 601 574 647 591 699 642 *** -1(.-)(.* -x.*:~ 
19 56 0 535 614 ~ .. x-.~ *?(>~ 625 676 638 ->:.** 
10 524 509 579 525 626 576 626 578 **.)(-
5 •. '5 496 476 543 49 9 59 7 555 600 41 0 ·}~· ·R~f 
Ta.iJle 5 . ( contu. ) 
25/2/64 , southe rly "ind o 
Obs . No . 2·n 242 243 244 2 4.5 24 6 247 248 249 25 0 251 Time 10"5 1935 2000 201 0 2025 2035 2045 2057 211 0 212 0 213 0 Fetch m 12.':::) 12.20 10.20 10.20 8.30 8 . 3 0 8 . 3 0 6 . 10 6.1 0 4 .00 1 . 00 L:...rge o.ncmo . 
height em V~1 cities cm/ se c 
2n7 '(05 73 0 635 617 673 765 71 0 727 715 631 629 2~0 720 703 621 635 655 750 72 9 715 700 61 0 G1 5 !50 G~5 68 2 600 611 631 723 705 687 671 582 53 112. 5 664 651 568 58 0 598 68 2 667 616 633 550 5.:53 84 C .3 631 555 5G5 582 663 651 632 61 7 535 535 58 G~4 614 532 5 40 559 G3 3 620 600 585 503 510 
'l R 583 575 505 515 52 0 592 580 555 544 461 467 2<1 515 567 488 500 505 5'{5 557 535 529 414 4~9 19.5 5 31 552 485 49G 49 7 56 6 55 0 53 0 514 435 436 Smu.l 1 er.ehl O. 
height c, 
45 60G 598 511 522 534 61 3 59 0 575 563 484 49. 29 586 576 489 507 51 3 59 0 511 539 541 4..5 1 458 19 5b!) 55 0 469 48 0 495 55 7 535 519 510 428 41 0 10 520 524 446 465 4 73 535 519 404 491 41 0 41 5lJ5 4[)·j 4.31 4 15 43 0 440 407 4 79 461 469 389 ·10 C) 
Tn-bla 5. (conti . ) 
~/3/G4, southerly win~ . 
G'·~. No . 252 253 25 <1 255 256 257 258 259 
TL;:;.e 2H5 22 00 2242 225 2 2302 2315 2325 2335 
Fetch 0 '1.00 2.10 2.}.0 2. J. 0 0.98 0.98 0 . 12 0.12 
La.rge a!l~D I) . 
hei ght rn V~ l, cities em/ se c 
89 7 b~O 592 638 600 666 55 0 660 68 0 
2~O ~O 580 625 536 655 553 655 67 0 
15 0 ,;' :.,* 550 597 564 627 533 628 640 
E2.5 ·13 l 520 562 532 590 505 590 605 
84 I.. ,2 507 541 515 572 491 572 588 
53 .133 476 523 491 544 467 5 42 56 0 
36 3'35 437 469 437 40 1 418 48 6 495 
24 382 41 0 441 42 0 46 0 392 452 4 70 
19.5 37 0 403 425 400 437 375 43 0 439 
S!:.a.ll n-neL.1 o. 
height c 
115 415 457 499 475 521 43 0 517 536 
29 ::'36 415 456 438 481 396 475 49 0 
19 2J9 390 425 408 435 360 43 0 L}.!'::> 
10 3-13 361 394 377 396 33 0 380 306 
5.5 323 337 363 351 3 49 298 327 336 
Table 6. Observations of Velocity Profile Development Downwind of the Surface Transition 
from Grass to Tarmac . (z = 0 . 5 cm to z = 0.002 cm) 
o 0 
Site 8 . (Figs. 14, 20, and 25 ) 
1/6/64 , wester ly wind . 
Obs. No . 137 138 139 140 141 142 1 43 144 145 146 147 
Time 11 40 1154 1205 1320 1331 1342 1408 1420 H45 1458 1520 
Fetch m 2.60 2.60 2.60 6.00 6.00 6.00 12.00 12.00 25.00 25.00 42 .00 
Large anemo . 
height em Velocities em/ sec 
25 0 575 666 61 0 603 597 690 654 605 439 382 489 
170 545 636 58'1 572 565 650 622 572 422 363 472 
120 515 600 558 543 535 621 592 55 0 407 351 459 
85 497 572 523 515 501 576 567 523 397 3U 448 
61 465 540 500 49 1 481 565 555 515 386 335 443 
36 430 488 455 456 45 0 524 530 489 378 326 42 
24 388 444 41 6 442 435 507 513 48 0 361 314 41 5 
19.5 379 435 397 Il3 1 423 48 0 502 465 354 304 402 
Smo.ll anellO. 
height em 
25.5 400 465 423 453 438 503 523 487 367 313 41 3 
17.5 318 432 398 432 42 1 479 500 466 353 299 394 
12.5 351 417 381 42 0 109 468 484 453 340 290 375 
8.5 335 40 0 364 <102 395 447 466 436 326 275 361 
5.7 323 383 355 385 38 0 432 45 0 422 317 263 343 
\ 
Table 6. (c ontd .) 
/6/64, ,resterly 'rind . 
Obs. No . 14-8 149 150 151 152 
Time 153 0 1555 1605 1630 1640 
Fetch m 42 . 00 72.00 72.00 114.00 114.00 
Large anemo . 
height em Velocities em/ se c 
250 525 640 587 382 37 1 
170 512 62 0 574 367 357 
120 500 605 555 360 35 0 
85 485 594 546 345 338 
61 476 587 535 342 335 
36 459 564 519 326 318 
24 444 548 496 319 310 
19 .5 429 *** *** *.:*1<- *** 
Small anemo . 
height em 
25.5 441 545 508 316 307 
17.5 421 5 18 486 i*** *** 
12.5 403 500 47 0 286 275 
8.5 382 483 45 0 278 269 
5.7 365 458 424 265 253 
Table 6. ( contd.) 
20/6/64, westerly wind . 
Oba . No . 153 154 155 156 157 158 159 160 161 162 163 Time 0836 0853 0904 0919 0930 0946 0957 1014 1025 1045 1057 Fetch m 0.3 5.5 5.5 13.9 13.9 27. 0 27.0 44.5 44.5 67.5 67.5 Large anemo. 
height cm Velocities cm/see 
29 7 23 0 330 296 292 342 325 444 558 557 486 490 240 226 318 287 288 340 322 439 552 551 485 49 0 191 218 311 280 280 330 317 425 550 542 480 475 150 209 298 268 273 319 31 0 415 534 532 473 473 115 202 286 261 263 311 303 404 527 520 464 465 84 187 269 245 251 295 292 386 505 502 449 453 58 175 258 233 249 283 283 376 497 492 437 442 36 158 240 221 239 276 276 362 475 470 423 427 24 145 234 211 230 265 268 355 467 468 410 415 19.5 132 227 202 224 263 263 350 453 452 402 407 Small anemo. 
height em 
17 135 224 199 222 263 259 345 448 444 395 402 12.5 124 215 196 215 255 250 330 426 427 380 390 8.6 113 204 186 206 244 241 317 411 416 369 375 5.7 106 192 177 195 231 226 299 392 40 0 350 351 
Table 6. (c ontd. ) 
20/6/64, westerly wind . 
Obs . No . 164 165 166 167 168 169 170 171 172 173 174 Time 1120 1142 1156 1208 1219 1240 1250 1312 1323 1345 1400 Fetch m 97 .0 97.0 137.0 137.0 137.0 172.0 172.0 245 .0 215. 0 172.0 137.0 Large anemo . 
height cm Velocities cm/ se c 
29 7 451 385 418 493 649 622 669 503 165 599 462 240 452 383 416 49 0 650 620 668 503 465 600 460 191 445 380 41 0 484 644 613 660 49 6 459 592 455 150 438 369 400 476 635 599 654 489 451 582 447 115 430 368 395 467 618 586 634 476 440 568 438 84 416 351 380 451 600 568 616 461 425 552 425 58 405 347 374 440 583 555 597 449 416 538 416 36 390 332 361 425 562 535 58 0 434 401 520 401 24 377 325 350 410 542 518 557 417 386 500 387 19.5 371 318 343 409 534 504 551 410 382 497 380 Small anemo. 
height em 
17 363 312 336 401 530 49 7 544 403 376 492 366 12.5 350 300 325 383 511 480 522 383 360 471 352 8 .6 338 288 311 371 49 0 458 501 372 3 49 452 341 5.7 321 266 290 350 467 435 476 354 326 426 325 
~l 
Table 6 . ( contd.) 
20/6/64 , westerly wind . 
Obs . No . 17 4.-a. 175 176 177 178 179 180 181 182 183 184 
Time 1412 1 424 1435 145 0 1510 1523 1535 1550 1605 1630 164 0 
Fetch m 137 .0 97 .0 97 .0 67.5 44 .. 5 27.0 13.9 5.5 5. 5 5.5 5 .5 
La.rge a.nemo . 
height em Velocities em/ se c 
297 533 41 3 378 341 364 379 300 190 189 249 144 
240 535 415 377 337 357 368 29 0 184 185 241 136 
191 524 405 370 33 1 352 359 281 180 181 231 133 
150 518 402 367 327 345 346 269 170 *** 221 126 
115 505 391 356 318 336 339 26 0 162 163 210 115 
84 491 385 *.** 311 325 325 245 155 152 198 109 
58 474 372 34 0 301 319 320 237 143 142 180 100 
36 461 365 331 293 306 304 23 0 136 130 171 93 
24 441 345 318 281 298 29 0 22 0 126 124 163 85 
19,5 438 · 345 . 315 282 295 285 221 123 119 161 8 0 
Smal l anem o, 
height em 
17 433 339 310 274 29 0 281 211 127 120 160 82 
12,5 415 322 297 264 27 7 271 200 121 117 153 *** 
8.6 399 31 3 286 251 267 262 197 116 III 147 74 
5.7 380 29 7 270 240 253 249 186 111 106 139 *** 
~. 
--
Table 6. (c ontd . ) 
20/6/64, westerly wind . 
Obs. No. 185 186 187 188 189 190 191 192 193 194 195 
Time 1658 1708 1720 1745 175 2 1810 1824 1835 1852 1905 1924 
Fetch m 0.3 0.3 27.0 67.5 67.5 97 .0 97 .0 97.0 137.0 137.0 137.0 
Large anemo . 
height em Velocities em/sec 
297 246 276 179 190 316 225 220 355 487 484 436 
240 240 269 174 185 311 220 217 347 483 480 429 
191 23 0 259 165 180 306 2~5 213 345 475 473 421 
150 222 250 160 175 300 210' 206 335 464 466 415 
115 211 237 152 172 290 205 203 330 455 455 405 
84 197 220 142 161 280 195 191 313 440 440 392 
58 181 203 134 156 272 192 189 308 427 425 380 
36 167 183 130 154 262 184 180 297 410 409 367 
24 156 164 122 148 250 177 174 286 397 393 353 
19.5 137 158 122 142 248 173 170 277 390 385 347 
Small anemo. 
height em 
17 131 146 123 143 241 172 169 274 384 379 338 
12.5 113 136 117 
*** 231 165 160 263 365 366 325 
8.6 102 125 113 131 223 158 155 250 350 351 308 
5.7 97 108 110 120 214 147 145 235 33 1 335 294 
Table 6. ( contd.) 
20/6/64, westerly wind . 
Obs . No . 196 197 198 199 200 201 202 203 
Time 2000 2010 2021 2033 2051 2102 2115 2135 
Fetch m 245.0 245.0 245.0 245.0 172.0 172.0 172.0 245 . 0 
Large anemo . 
height em Ycloei ties em/sec 
297 40 7 374 263 370 257 230 212 483 
24 0 <~9 0 368 258 365 252 227 209 479 
191 4.85 365 25 0 360 245 217 200 466 
150 471 359 248 355 242 216 199 456 
115 46 0 350 236 341 231 208 190 436 
84 441 339 227 331 225 
*** 186 43 0 
58 430 327 218 322 216 195 175 413 
36 408 317 211 307 211 190 173 400 
24 398 302 200 295 198 178 161 380 
19.5 387 300 200 293 198 176 166 380 
' Small anem o. 
height em 
17 379 294 199 283 198 174 165 376 
12.5 359 282 189 271 192 166 156 362 
8.6 345 267 183 259 181 163 153 350 
5.7 326 253 171 245 170 150 129 332 
II 
~ 
Table 7. Velocity Profiles at Various Positions across the Width of an Airstrip. 
Site B. ( Figs . 14 and 29 ). Distance quot e d is from N edge of tarmac . 
20/6/64 , wester ly wind. 
Obs, No, 203 204 205 206 207 208 209 21 0 211 
Time 2135 2150 2205 222 0 2235 2257 2314 2326 2347 
Distance m 31 25 19 13 7 7 1 1 7 
Large anemo . 
height em Velocities em/ se c 
297 483 427 374 604 557 677 688 642 445 
240 479 417 367 583 628 661 672 63 0 435 
191 466 411 362 580 
*** 654 660 617 43 0 
150 456 403 355 565 618 636 641 600 42 0 
115 436 393 342 555 604 622 623 57 7 408 
84 43 0 380 334 533 583 594- 587 548 398 
58 413 370 326 525 568 584 569 525 387 
36 400 355 315 500 543 554 526 496 375 
24 38 0 339 304 487 
*** 543 5 11 478 357 
19.5 380 336 300 482 515 524 53 6 495 35 0 
Small anem o, 
height em 
17 376 331 294 463 508 519 521 486 347 
12.5 362 318 285 448 486 503 49 0 458 330 
8 .6 350 304 272 428 468 477 476 445 320 
5 ,7 332 286 258 408 151 '158 151 418 305 
Table 7. (c ontd .) 
21 / 6/64 
Obs . No . 212 213 214 215 216 217 218 219 22 0 221 
Time 0003 0023 0038 1056 1110 1125 11 40 1156 1210 123 0 
Distance m 13 19 25 31 19 13 7 1 7 1 
Large anemo. 
height cm Velociti es cm/ se c 
297 3C6 495 516 626 612 69 0 771 734 731 705 
240 Sal 484 503 62 0 602 68 0 758 716 718 69 0 
191 33 2 474 495 615 600 674 75 0 707 708 680 
150 377 47 0 486 605 589 663 74 0 688 695 659 
115 365 453 475 592 580 648 722 670 678 645 
84 353 442 461 5 73 558 628 700 642 653 611 
58 341 428 448 557 547 613 682 624 639 59 6 
36 333 418 435 538 527 588 660 590 615 553 
24 314 397 411 518 508 568 635 576 595 544 
19.5 313 391 404 508 495 562 616 585 580 489 
Small anemo. 
height cm 
17 309 385 40 0 501 487 555 612 574 577 *** 
12.5 299 371 384 48 0 474 537 596 565 554 *** 
8. 6 286 356 367 459 451 515 567 525 534 *** 
5.7 272 341 347 431 433 49 0 543 503 514 *** 
.. 
11 
l 
Table 8. 
Obs. No . 
Time 
Fetch m 
Large anemo . 
height em 
297 
240 
191 
150 
115 
84 
58 
36 
24 
Observations of Velocity Profiles at Various Distances Downwind of a Belt 
of Obstacles. (Trees 15 - 20 feet high .) 
Site B. (Figs. 14 and 30 ). 
21/6/64 , westerly wind . 
Fetch quoted is from obstacle belt . 
341 342 343 3 44 345 316 347 348 
1255 1310 1330 131 3 1357 1410 1425 1<137 
125 125 95 95 75 75 50 50 
Velocities em/sec 
600 597 531 458 471 489 45 7 403 
587 586 519 447 462 478 45 2 395 
575 573 505 435 447 466 435 378 
563 562 489 412 432 4·17 ,n 6 366 
530 531 463 396 412 130 398 315 
503 507 432 362 386 398 369 320 
468 471 394 333 353 372 333 29 0 
415 430 342 29 0 315 324 288 25 0 
383 389 298 25 0 274 282 239 206 
319 
1451 
25 
387 
375 
361 
315 
326 
306 
281 
252 
230 
350 
1512 
25 
397 
388 
370 
355 
335 
312 
29 
258 
237 
Table 9. Measurements of Drag Coefficient over Diurnal Stability Cycle. 
Time 1:"1 ~2 U1 u 2 8 1 8 2 wv (u*/u)l (u*/u)2 R- Q 
dyn/cm 2 cm/sec ~m ~ -hourly mean 
2 
deg . mw/cm 
10/10/63 
1156 1.19 448 187 
1.02 418 181 0.067 
1.09 447 196 
1232 1.02 437 192 
1.05 407 185 0.067 
1.18 453 190 
1329 0.97 415 192 
0.82 381 190 0.067 
1.18 447 187 
1407 0.89 382 186 
0.99 410 186 0.068 
1.06 420 185 
11/10/63 
1305 1.67 450 351 352 
2.14 497 354 354 0.080 
1.77 469 345 347 
1425 1. 77 463 355 002 
1. 72 459 352 003 0.079 31.3 
1.54 443 353 003 
1501 1. 31 410 355 004 
1.37 417 356 005 0.078 20.4 
1.20 389 355 004 
1530 0.32 202 356 004 0.078(single run) 
12/10/63 
1530 2.43 522 189 183 0.082(two runs) 
2 . 74 563 192 187 
1608 2.42 577 169 163 
2 . 33 553 172 168 0 .078 11.4 
1.7< 465 178 177 
Table 9 . (eontd.) 
Time 
"[1 1::"2 u 1 u 2 9 1 9 2 wv (u*/u)1 (u*/u)2 R-Q 
dyn/em 2 em/sec ·~m deg . 1-hourly mean mw/em 2 
12/10/63 
1649 1.86 498 180 178 0.077( two runs) 
1.43 433 173 172 
2033 0 . 34 185 193 189 
0.39 200 190 179 0.085 - 12.25 
0.41 213 182 173 
2130 0 . 27 180 181 184 0 . 078(two runs) - 12.25 
0 . 22 176 181 179 
2209 0.31 185 201 198 
0.34 188 202 203 0.084 - 12.25 
0 . 56 252 195 192 
0100 0 . 39 195 196 196 0.088(two runs) 
13/10 0.51 225 197 191 
13/10/63 
1040 1.94 529 162 159 0.073(single run) 
1120 1.83 2.59 479 490 170 170 171 
1.89 2.42 504 466 168 169 166 0.079 0 . 094 39.0 
2 . 32 2.76 515 470 171 170 169 
1203 2.12 2.97 515 520 172 165 167 
1. 76 2.82 504 495 157 162 154 0.076 0.093 32.3 
1.87 2.73 498 492 171 171 147 
1240 2 . 27 3.10 545 530 165 165 163 
2.13 3.02 543 533 158 157 153 0.077 0.091 33.8 
2.40 3.1 4 544 535 170 166 167 
1424 1.86 2.77 500 492 165 167 164 
2.26 2.72 552 548 168 168 167 0.076 0.088 36.7 
2 . 27 2.62 542 528 168 171 172 
1500 2.07 51- 175 175 
2.45 562 178 185 0.077 27.7 
2 . 32 579 151 148 
Table 9. (eontd.) 
Time 1:"1 1::2 u 1 u 2 9 1 9 2 wv (u*/u)l (u*/u)2 R-Q 
dyn/em 2 em/sec ~m ~-hourly mean mw/em 2 deg. 
13/10/63 
1537 2 . 52 3.13 558 541 162 161 162 
2 .54 3.04 565 545 159 158 159 0.079 0.089 0.2 
2.12 2.46 511 495 168 172 173 
1617 2.54 578 163 
2.52 540 167 0.079 13.2 
2 . 40 549 
1930 0.67 0.73 250 249 178 178 175 0.090 0.096 
0.61 0.78 243 255 179 177 172 
2040 0.32 0.29 169 160 187 183 183 0.092 0.097 
0.34 0.37 179 167 186 183 183 
2140 0.57 0. 47 228 221 189 190 188 0.091 0.088 
0.46 0.43 210 208 194 195 193 
2220 0.54 0.43 219 193 185 190 188 0.094 0.095 
0.37 0.38 180 182 197 201 201 
14/10/63 
1110 1.99 3.23 505 500 149 156 148 
1.40 1.91 422 394 164 166 160 0.079 0.099 30.8 
1.04 1.49 361 340 161 165 157 
1149 1.12 1.57 345 338 170 174 169 
1.54 2.16 419 412 159 164 157 0.084 0.101 32 . 8 
1. 35 1.89 390 383 168 174 168 
1216 1.10 l.49 342 348 173 174 172 
0.86 1.11 306 306 181 179 177 0.085 0.098 35.0 
1.17 1. 72 360 372 174 174 169 
1252 0.92 1.36 324 327 173 182 175 
0.72 0.94 274 264 176 178 175 0.084 0.101 26. -1 
0.72 0.96 284 274 176 181 180 
1448 1.30 1.84 392 371 166 171 162 
l.30 1.60 363 348 171 177 172 0.084 0.101 18.3 
1. 38 1.78 390 368 162 165 162 
Table 9. (eontd.) 
Time 1:'1 1:'2 u 1 u 2 9 1 9 2 wv ( u,,/u) (u,/u) 2 R- Q . 1 
dyn/em 2 em/sec ~m ~-hourly mean 2 deg . mw/cm 
14/10/63 
1525 2 . 58 433 178 178 
2.53 424 167 163 0.103 20.7 
2 . 06 395 172 167 
1603 1.66 2 . 38 440 415 154 166 160 
1.80 2 . 35 459 418 162 171 165 0.084 0.101 24 . 1 
2.12 2 . 61 458 455 172 178 178 
2011 0 . 82 0.88 268 273 181 184 189 0.094 0.101 - 7 . 5 
0.59 0.67 227 214 176 181 183 
. 
2047 0.20 0.25 143 135 173 186 0.090 0.100 - 7 .5 
0.07 0.08 81 80 188 186 
15/10/63 
1221 1.00 1.48 349 334 144 133 143 
0.77 1.14 294 285 152 156 147 0.083 0.102 3 .3 
1.04 1.28 331 312 153 156 1'~7 
1254 0.98 259 173 172 
1.24 313 155 146 0.101 32.1 
0.97 278 155 145 
17/10/63 
0940 2.51 1. 91 399 377 314 321 320 
2.00 1.51 368 343 335 328 334 0.107 0 . 100 
1. 76 1.25 359 316 336 337 3 5 
1037 2.09 1. 77 393 380 332 333 339 O. 02 0.096 
2.27 1.74 -118 380 344 340 349 
2.28 1. 70 404 380 351 339 347 
1144 1. 38 1. 24 311 299 326 326 325 
0.81 0.66 2'10 220 332 335 332 0.107 0.099 
1.27 0.76 290 274 001 350 000 
1222 1.33 0 . 82 279 270 003 343 351 
1.26 0 . 86 278 273 338 330 334 0.113 0.097 
1. 79 1.35 332 317 332 332 335 
Table 9. (eontd.) 
Time 1:1 T2 u 1 u 2 9 1 9 2 wv (U*/U)1 (u*/u)2 -Q 
dyn/em 2 em/sec ~m ~ -hourly mean mw/em 2 deg . 
17/10/63 
1500 0.93 0 . 60 227 225 355 350 000 
0 . 93 0 . 71 259 245 349 346 345 0.114 0.093 
1.25 0.66 259 257 020 010 002 
1537 1.46 0.89 301 287 005 350 356 
1.80 0.87 290 264 017 008 351 0.117 0 . 096 
1.06 0.66 262 233 000 352 013 
18/10/63 
1122 3.44 3.25 472 475 326 328 327 0 . 105 0.105 
3.24 3 . 36 496 484 335 331 330 
1158 3.16 2 . 39 454 410 321 321 322 
2.86 2.49 435 414 329 325 324 0.105 0.106 
2 . 39 2.65 434 428 328 325 319 
19/10/63 
1125 0 . 93 0.82 240 250 311 321 318 
1.01 0.93 251 260 305 323 319 0.110 0.103 
1. 21 1.02 282 262 306 323 316 
1235 0 . 53 0.40 194. 182 299 300 295 
0 . 88 0.66 229 231 274 268 267 0 . 109 0.100 
0.68 0.68 212 219 298 305 292 
1440 0 . 76 0.69 231 3 5 302 397 0.110 0.107(single .un) 
1457 1.07 0.88 260 24. 6 289 292 281 
0.65 0.58 205 194 297 301 396 0 . 109 0.107 33. 
0 . 76 0.78 232 230 304 306 298 
1544 0.19 0.21 109 122 305 287 303 
0.60 0.52 192 191 297 300 29 0.110 0.108 23.3 
0 . 88 0.76 233 235 250 2.,.4 251 
1619 0.62 0 . 52 192 194 246 238 
0.67 0 . 69 204 210 237 226 0 . 115 0 . 110 
0 . 99 1.02 232 245 225 214 
1656 1.52 1.34 302 307 241 236 246 
1.04 0 . 97 253 238 230 221 237 0 . 115 0.112 
1 . 10 1.04 246 238 225 218 232 
Table 9. (contd. ) 
Time 't1 L2 u 1 u2 8 1 8 2 wv . (u*/u)1 (u*/u)2 R-Q 
dyn/cm 2 cm/sec '~m deg . ~-hourly mean 2 mw/cm 
20/10/63 
1655 0.16 0 . 07 95 95 058 118 077 
0.43 0.28 148 151 088 102 088 0.119 0 . 095 
0 . 37 0.24 153 143 099 099 090 
1800 0.50 0.38 178 173 105 085 107 
1.11 0 . 74 248 238 086 074 098 0.118 0.110 
0 . 63 0.37 185 178 092 104 00 
1830 0.83 0 . 59 223 207 093 105 100 
0 . 68 0.41 189 179 086 104 096 0.119 0.102 
0 . 64 0 . 37 181 170 085 099 097 
21/10/63 
0852 1.40 274 135 132 
1.06 236 137 134 0.117 
1.08 261 140 147 
0936 1.52 280 137 129 
1.62 298 136 130 0.120 
1.10 240 132 146 
1025 0 . 76 203 136 136 
0 . 46 163 lIb 12 O. 22 14.3 
0 . 76 190 137 134 
1100 O. _0 164 144 139 
0.38 155 163 163 0 . 115 1·L7 
0.62 180 184 178 
1134 0 . 39 145 202 
0.26 117 192 0 . 126 24.8 
0 . 33 1 8 197 
1307 0 . 95 0.78 2 ... 0 226 250 245 257 
1.80 1.52 322 313 239 333 248 0 . 116 0 . 108 22.7 
1.43 1.06 28", 278 247 245 249 
1341 1.21 0.89 251 244 251 244 256 
1.05 0.77 243 237 253 245 257 0.121 0.107 12.2 
0.78 0 . 68 197 207 238 229 243 
Table 9. (eontd.) 
Time L1 "t'2 u 1 u 2 9 1 9 2 wv (u*/u)1 (u*/u)2 R- Q 
dyn/em 2 em/sec ~m deg. 2-hourly mean 2 mw/em 
21/10/63 
1419 0.39 138 222 218 
0.29 0.21 117 128 251 241 248 0.130 0.108 "S.8 
0.24 0.14 102 90 270 255 265 
1513 0.42 146 203 198 
0.29 121 174 173 0.127 16.5 
0.18 91 129 156 
22/10/63 
1103 1.98 337 150 150 
2 . 23 363 157 157 0.115 14.5 
2.29 365 162 160 
1414 2 . 40 429 155 
3.16 465 151 0 . 103 38.5 
2 .75 449 1 6 
1450 2.69 460 125 125 
2.71 460 127 125 0.099 24.3 
2.35 430 124 126 
1525 2.77 464 136 135 O.l00(single run) 
2044 1.93 339 142 141 
2.16 364 149 147 0.110 - 2.6 
2.29 402 144 143 
23/10/63 
1002 2.86 1.34 371 353 071 07S 078 
2.41 1.09 341 326 064 070 070 0.128 0.090 47 .2 
2.29 1.11 320 323 055 061 065 
1038 3.24 1.89 398 394 051 077 058 
2.94 1.27 363 340 052 046 056 O. 31 0.097 52 .5 
2.53 1 Al 324 332 045 035 047 
1147 2.31 1.57 335 316 059 060 062 
2.20 1.27 328 314 045 045 052 0.129 0.107 54.0 
2.79 1.70 3·A 328 039 04 1 045 
Table 9. (eontd.) 
Time 
--c'1 1::2 u 1 u 2 9 1 9 2 wv (u*/u)1 (u*/u)2 R-Q 
dyn/em 2 em/sec ~m deg . i - hourly mean mw/em 2 
23/10/63 
1223 2.50 1.65 360 326 049 045 049 
2.01 1.42 296 297 044 045 052 0 . 129 0.110 52.0 
2.30 1.41 312 299 045 045 052 
1257 2.12 1.37 306 292 035 039 048 
1.40 0 . 98 252 250 035 045 049 0.133 0.109 50.2 
2.04 1.15 293 285 047 054 055 
1408 1.34 0 . 93 260 260 065 070 076 0.125 0.104 ~O.3 
2 . 15 1.37 328 312 057 062 064 
1436 0.87 249 
1.11 276 0.102 "4. 
1.15 306 
24/10/63 
1040 2 . 11 1.14 289 279 022 014 016 
1.97 0.97 286 259 021 013 015 0.135 O. 06 
1. 89 1.04 296 262 030 030 027 
